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General Introduction 

Chapter 1 
General Introduction 
1.1 Photoreceptor Cells 
Vision is initiated when light is absorbed by light-sensitive photoreceptor cells in the retina 
in the eye. What follows is a complex cascade of reactions leading to the generation of an 
electrochemical signal that is relayed to the visual cortex in the brain. 
In the human retina two kinds of photoreceptor cells can be distinguished: rods and 
cones. These cells are specialized for use under different conditions. Rods are employed 
under dim light (scotopic vision), whereas cones are functionally active under high-level 
light conditions (photopic vision). Rods are able to detect a single photon in a darkened 
environment. Cones, on the other hand, are not that sensitive, but give us color vision and 
high spatial and temporal resolution. The human retina contains about a hundred million 
rod cells and about three million cones. The vast majority of cone cells is located in the 
center of the retina, the fovea. This area receives light from the center of our visual field. 
The rods, however, are mostly excluded from the fovea and occupy the peripheral retina. 
The photoreceptor cells can be divided into three domains: the outer segment, the 
inner segment and a synaptic terminal (figure 1.1). The inner segment contains the cell's 
nucleus, mitochondria and other metabolic cellular machinery. The synaptic region is 
designed for signal transfer to the second-order retinal neurons. The characteristically 
shaped outer segment is the sensory organelle dedicated to light capture, which contains 
the biochemical machinery responsible for visual transduction. In rods, the outer segment 
is fully packed with a stack of flattened membrane discs. Cone outer segments, instead, 
have infoldings of the plasma membrane called sacs. The reason for this difference in 
outer segment structure is not known. The biosynthesis of new discs and sacs is an 
ongoing process. New discs and sacs are formed in the ciliary region during the outer 
segment morphogenesis that occurs daily. The discs and sacs migrate through the entire 
length of the outer segment and are removed at its distal end through phagocytosis by the 
pigment epithelium cells in the back of the retina [1,2,3]. 
Rod Cone 
Outer Segment 
Ciliary Region 
Inner Segment 
Synaptic Terminal 
Figure 1.1 Schematic representation of rod and cone structure. The outer segment of rod cells contains 
membrane discs, the outer segment of cone cells consists of infoldings of the plasma membrane, called sacs. 
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1.2 Visual Pigments 
The actual light-sensitive molecules (visual pigments) are located in the membrane discs or 
sacs in the outer segments of the photoreceptor cells. All visual pigments have a common 
composition. They are made of a protein (opsin) that is covalently linked to a 
chromophore, 1 I-cis-retinal. This vitamin Α-derived molecule binds to the opsin via a 
protonated Schiffs base linkage between the ε-amino group of a lysine residue in the 
protein and the carbonyl group of retinal [4]. The chromophore of the majority of visual 
pigments is 11-си-retinal, although 11-c/i-retinal derivatives, i.e. 3,4-didehydro- (fish, 
amphibians), 3-hydroxy- (insects) and 4-hydroxy-retinals (squid) are also found [5]. In 
figure 1.2 a hypothetical arrangement of a visual pigment in a sac or disc membrane is 
presented. The protein moiety of the pigment contains seven membrane spanning domains, 
providing a pocket for the chromophore. 
Figure 1.2 Hypothetical arrangement of a visual pigment molecule embedded m a disc or sac membrane 
The chromophore, 11-cis retinal, is attached to a lysine side chain in transmembrane domain VII The С 
terminal region of the pigment faces the intracellular side, the N terminal region is exposed to the 
extracellular side of the cone cell, in rods this ¡s the mlra-discal side . 
In the human retina four visual pigments can be identified. Their difference resides in the 
number of amino acids and the amino acid composition of their protein moieties [6.7]. The 
pigment present in the rod cells is called rhodopsin. There are three types of cone 
pigments, each present in a single type of cone cell: the red sensitive or long-wavelength 
sensitive (LWS) pigment, the green sensitive or middle-wavelength sensitive (MWS) 
pigment and the blue sensitive or short-wavelength sensitive (SWS) pigment. 
Figure 1.3 presents an amino acid sequence alignment of the four human visual 
pigments. The amino acid sequences of the cone pigments show a 45 percent identity with 
the rod pigment rhodopsin. The red and green pigments show a mutual identity of 96 
percent, but only 43 percent with the blue pigment [8]. 
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Rod MN GTEGPNFY - - VPFSNATGVVRSPFEYPQYYLAEPWQFSMLAAY 
R e d MAQQWSLQRLAGRHPQDSYEDSTQSSIFTYTNSNST- RGPFEGPNYHIAPRWVYHLTSVW 
G r e e n MAQQWSLQRLAGRHPQDSYEDSTQSSIFTYTNSNST-RGPFEGPNYHIAPRWVYHLTSVW 
B l u e MR KMSEEEFY L - F K N I S S V - -GPWDGPQYHIAPVWAFYLQAAF 
Rod MFLLIVLGFPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFMVLGGFTSTLYTSLHGYF 
R e d MIFWTASVFTNGLVLAATMKFKKLRHPLNWILVNLAVADLAETVIASTISIVNQVSGYF 
G r e e n MIF\A/IASVFTNGLVLAATMKFKKLRHPLNWILVNLAVADLAETVIASTISVVNQVYGYF 
B l u e MGTVFLIGFPLNAMVLVATLRYKKLRQPLNYILVNVSFGGFLLCIFSVFPVFVASCNGYF 
**** *** ** 
Rod VFGPTGCNLEGFFATLGGEIALWSLWLAIERYWVCKPMSNFRFGENHAIMGVAFTWVM 
Red VLGHPMCVLEGYTVSLCGITGLWSLAIISWERWLVVCKPFGNVRFDAKLAIVGIAFSWIW 
Green VLGHPMCVLEGYTVSLCGITGLWSLAIISWERWMWCKPFGNVRFDAKLAIVGIAFSWIW 
Blue VFGRHVCALEGFLGTVAGLVTGWSLAFLAFERYIVICKPFGNFRFSSKHALTWLATWTI 
Rod ALACAAPPLAGWSRYIPEGLQCSCGIDYYTLKPEVNNESFVIYMFWHFTIPMIIIFFCY 
Red SAVWTAPPIFGWSRYWPHGLKTSCGPDVFSGSSYPGVQSYMIVLMVTCCIIPLAIIMLCY 
Green AAVWTAPPIFGWSRYWPHGLKTSCGPDVFSGSSYPGVQSYMIVLMVTCCITPLSIIVLCY 
Blue GIGVSIPPFFGWSRFIPEGLQCSCGPDWYTVGTKYRSESYTWFLFIFCFIVPLSLICFSY 
Rod GQLVFTVKEAAAQQQESATTQKAEKEVTRMVIIMVIAFLICWVPYASVAFYIFTHQGSNF 
Red LQVWLAIRAVAKQQKESESTQKAEKEVTRMVWMIFAYCVCWGPYTFFACFAAANPGYAF 
Green LQVWLAIRAVAKQQKESESTQKAEKEVTRMWVMVLAFCFCWGPYAFFACFAAANPGYPF 
Blue TQLLRALKAVAAQQQESATTQKAEREVSRWVVVMVGSFCVCYA/PYAAFAMYMVNNRNHGL 
к * ++ * + + 
Rod GPIFMTIPAFFAKSAAIYNPVIYIMMNKQFRNCMLTTICCGKNPLGDDEASAT VSK 
Red HPLMAALPAYFAKSATIYNPVIYVFMNRQFRNCILQLF--GKKVDDGSELSSASKTEVSS 
Green HPLMAALPAFFAKSATIYNPVIYVFMNRQFRNCILQLF--GKKVDDGSELSSASKTEVSS 
Blue DLRLVTIPSFFSKSACIYNPIIYCFMNKQFQACIMKMVC-GKAMTDESDTCSSQKTEVST 
+ + + + + * 
Rod TETSQVAPA 348 
Red VSS--VSPA 364 
Green VSS--VSPA 364 
Blue VSSTQVGPN 34Θ 
Figure 1 3 Amino acid sequence alignment of the four human visual pigments Asterisks below the sequence 
denote identical amino acids dots refer to conservative amino acid replacements The putatne 
transmembrane domains are indicated bv a line above the sequence 
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1.3 The Visual Process 
The transduction mechanism of a light signal into an electrochemical signal in rods and 
cones can roughly be regarded as similar. The first reaction that occurs is the isomerization 
of 11-c/5-retinal into all-f/wii-retinal. The photoproduct of the isomerization reaction in 
rhodopsin is fully formed within 200 fs [9]. This step is the only light dependent one in 
the phototransduction process. All the subsequent steps are dark reactions, the kinetics of 
which are temperature dependent. 
After the isomerization of the chromophore, a series of intermediate products is 
formed, of which the meta II intermediate plays a key role. This intermediate is relatively 
stable and initiates the signal transduction process. At the end of the photocascade the all-
trans retinal is released from the opsin. As is shown in figure 1.4 the photobleaching 
process of rods and cones displays a similar pattern. However, the life time of late cone 
photo-intermediates (meta I, II and III) is significantly shorter than that of late rod 
intermediates. It should be noted that the data for the cone photoproducts are obtained 
from studies on chicken pigments [10-15]. The only other species from which 
photobleaching data of cone pigments are available is the nocturnal lizard Gecko gecko 
[16-18]. The first data for human cone photo-products are presented in chapter 5 of this 
thesis. 
Bovine 
Rhodopsin 
i 
batho 
i ns 
lumi 
i //S 
meta I 
i t 12 ms 
meta II -·-• 
i 520 s 
meta III 
i > 1h 
opsin + «— 
all-trans retir 
Chicken 
Rhodopsin 
i 
batho 
t ns 
lumi 
i ps 
meta I 
i t 30 ms 
meta II 
i 210 s 
meta III 
i 3 h 
opsin + 
tal all-trans retinal 
Chicken 
Red 
i 
batho 
4 ns 
lumi 
i //s 
meta I 
i t 6 ms 
meta II 
i 25 s 
i 
i 
opsin + 
all-trans retinal 
Chicken 
Green 
i 
batho · 
i ns 
lumi 
i μ5 
meta I 
i t 10 ms 
meta II 
i 7 s 
metalli 
i 40 s 
opsin + 
all-trans retinal 
Figure I 4 Comparison of the photocascade between bovine and chicken rhodopsin and the chicken red and 
green cone pigments The life time of the intermediates (at 20 °C) is shown at the right-hand side of the 
arrows 
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At the meta II stage in the photocascade conformational changes have taken place at the 
cytoplasmic side of the pigment This allows a G protein (called transducin in rods) to 
bind to the photoexcitated pigment In the inactivated state, transducin binds GDP and 
exists as a complex of three subunits α, β and γ Upon binding of transducin to meta II, 
GDP is released into the cytosol The vacant binding site on transducin is then occupied by 
GTP Next, the transducin-GTP complex dissociates into transducina-GTP and 
transducinß,y [3,19] and both dissociate from meta II Transducina-GTP is able to activate 
a cGMP phosphodiesterase (PDE) This enzyme catalyses the hydrolysis of cGMP into 
GMP In the dark, cGMP binds to a cation channel in the plasma membrane of the outer 
segment, keeping it in an open conformation The light-induced hydrolysis of cGMP 
allows the channel to close This process interrupts the inward flow of Na . Ca: and Mg^  
ions, resulting in a hyperpolanzation of the photoreceptor cell, which is then followed by a 
decrease in the neurotransmitter release from the synaptic terminal This triggers the 
response in the second-order neurons [21-24] 
During its lifetime, the meta II intermediate of rhodopsin can activate 100-500 
transducin molecules, leading to a rapid signal amplification after photon capture This 
amplification is important with regard to the sensitivity of the system However, the 
restoration of the dark state (recovery) is equally important, considering that temporal 
resolution depends on both signal production and signal termination Most of what is 
known about photopigment inactivation comes from work on bovine rhodopsin [3,21-24] 
The activity of photoexcitated rhodopsin is terminated by two processes Rhodopsin kinase 
phosphorylates meta II at multiple serine and threonine residues near the C-terminus 
Phosphorylated meta II is a less potent stimulator of transducin than non-phosphorylated 
meta II Phosphorylation is followed by binding of arrestin to meta II, blocking its 
interaction with transducin Complete recovery requires that the phosphate groups be 
completely removed from phosphorylated opsin and that 11-en retinal is reinserted The 
shutoff mechanism in cone cells has not yet received much attention In view of ihe 
shorter duration of their photon response, it is believed that the inactivation mechanism in 
cones is faster than that in rods [21] 
The rod and cone visual pigments are members of a large group of proteins that 
transduce signals across the cell membrane, using G-proteins as intracellular signal 
transducers G-protein coupled receptors (GPCR's) All these receptors share the structural 
motif of seven transmembrane domains The G-protein mediated signal transducing 
cascade (ligand -> receptor -> G-protein -> effector molecule) is also very similar in this 
family The ligand responsible for excitation of the receptor vanes among the members of 
this family, like retinoids (visual pigments), odorants (olfactory receptors) or biogenic 
amines (ß-adrenergic receptor, dopamine receptor, muscarine acetylcholine receptor) [25-
29], as a few of the numerous examples 
1.4 Color Vision and Color Vision Deficiencies 
Color vision can be defined as the ability to distinguish lights that differ in wavelength 
composition In humans, this differentiation is mediated by three cone pigments present in 
corresponding cell types in the retina These pigments have characteristic absorption 
maxima at approximately 420 nm (blue or SWS pigment), 530 nm (green or MWS 
pigment) and 560 nm (red or LWS pigment), as determined by psychophysical methods 
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[30], microspectrophotometry of individual human cones [31.32], eleclroretinography [33] 
and most recently by expression of the genes encoding these pigments [34.35] 
Although human color vision capacities seem extensive, there are many differences 
in wavelength composition (color differences) which we cannot discriminate between This 
is exploited for example, in a color television where a mixture of just red, green and blue 
is used to synthesize a wide range of colors Therefore, we cannot tell the difference in 
wavelength composition between a real flower and a flower seen on television This is 
why observers with normal color vision can match the color of any arbitrary test light by 
mixing three monochromatic lights, or by mixing two monochromatic lights and adding a 
third to the given light [36] This is the basis for the so called tnchromacy of human color 
vision This theory was first put forward by Thomas Young in 1802 [37], and was used by 
Young to explain the color vision deficiency of his contemporary. John Dalton (the father 
of atomic theory) He described the cause of Dalton"s apparent red color blindness as "the 
absence or paralysis of those fibers of the retina, which are calculated to perceive red" 
[38] 
Quantitative analysis of human color vision was initiated by James Clerk Maxwell 
in 1860 [39] Maxwell described an instrument for producing and mixing monochromatic 
lights in defined proportions A few decades later John William Strult, better known as 
Lord Rayleigh. introduced the anomaloscope, a device specially designed for red-green 
color vision testing [40] In such a color matching test, a person is given two lights, a red 
and a green one and is asked to mix them in a portion that will exactly match the 
appearance of a monochromatic yellow comparison light Observers with normal color 
vision will match the yellow light with a highly reproducible ratio of red to green light 
(In these tests the blue sensitive cones are not affected by the test lights) 
Color vision deficiencies can be classified by the number of primary colors 
required in color matches The true absence of color discrimination, called monochromacy, 
is rare, affecting approximately one person out of one hundred thousand [41] These 
individuals can match the appearance of any light by adjusting the intensity of a compared 
primary light Dtchromats require two primaries to match a given color Depending on the 
type of cone pigment that is affected, dichromacy can be subdivided into protanopia (loss 
of red pigment sensitivity), deuteranopia (loss of green pigment sensitivity) and tritanopia 
(loss of blue pigment sensitivity) Protanopia and deuteranopia each occur at a frequency 
ot about one percent in Caucasian males [42] Tritanopia is less common than protanopia 
and deuteranopia, but in some populations the incidence is as high as one in five hundred 
[43] Less severe forms of color vision deficiency are anomalous tnchromacies These 
individuals, like normal trichromats, require three primaries in color matches However, 
they generally require that the three be present in unusual proportions The terms for 
anomalous tnchromacies ^re protanomaly, deuteranomaly and tritanomaly, parallel to the 
dichromatic types Deuteranomaly is the most common type of color vision deficiency 
affecting about five percent of males in Caucasian populations The frequency of 
protanomaly is about one percent in males 1 ntanomaly is a rare condition [42] Taken 
together in Caucasian populations approximately eight percent of males and one percent 
ol females differ in their color vision from the majority of the population [36] 
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1.5 Genetics of Color Vision and Color Vision Deficiencies 
Normal Human Color Vision 
It has long been recognized that variations in color vision are heritable The male/female 
bias observed with red/green color deficiencies suggests that the genes encoding the red 
and green pigment reside on the X chromosome Since blue color deficiencies are inherited 
in an autosomal fashion, the gene encoding the blue pigment should be located on an 
autosome 
In 1986 the genes encoding the human cone pigments were identified [7] The blue 
pigment gene was mapped on chromosome 7 The red and green pigment gene are highly 
homologous (98 percent identity) and have 6 exons and 5 introns The exons 1 and 6 are 
identical in both genes and encode the N-terminal and C-terminal domains of the proteins, 
respectively The differences in the coding sequences reside in exons 2-5 and lead to 15 
amino acid replacements Most of these amino acid residues are located in the putative 
transmembrane domains 
Exon 2 
65 111 116 
île val tyr 
lyr ile ser 
Exon 3 
153 180 
met ala/ser 
leu ser/ala 
Exon 4 
230 233 236 
Ihr ser val 
ile ala met 
Exon 5 
274 275 277 279 285 289 309 
val leu phe phe ala pro phe 
ile phe tyr vai Ihr ala tyr 
Green 
Red 
Figure 15 Schematic diagram of I he red and green pigment showing positions of the 15 ammo acid 
differences encoded bv exons 2-5 
The red and green pigment genes reside on the long arm of the X chromosome (q28) 
These genes are present in a head-to-tail tandem array The red pigment gene lies upstream 
of several copies of the green pigment gene [44-47] In recent studies, however, more than 
one copy of the red pigment was found in individuals with normal color vision [48.49] 
The number of green pigments shows a racial variation [50] Afro-Americans and Japanese 
males have fewer green pigment genes as compared to Caucasian males In addition, 35 
percent of Afro-American males possess a shortened red pigment gene not associated with 
phenolypic color vision defects 
Color matching studies of males with normal color vision have led to the discovers 
of a polymorphism present in the red pigment [51,52] DNA analysis showed that d single 
serine-alanine substitution at position 180 in the protein is responsible for the observed two 
variants of the pigment [53] Among Caucasians, the frequencies of serine and alanine at 
position 180 were 62 and 38 % respectively Among Japanese men this frequency is 
significantly different 84 % serine and 16 % alanine [54] The polymorphism at position 
180 was also found in the green sensitive pigment with a frequency of 8 % serine and 84 
% alanine [55] (In the remaining 8 % multiple copies of the green pigment gene were 
found, with either serine or alanine at position 180) The serine -> alanine substitution 
leads to a 5-7 nm blue shift in the maximum of the absorption peak of the red pigment 
[34.56]. and to a 2 nm blue shift in the green pigment [56] 
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An extensive study where 28 chimeric proteins were expressed and analyzed [56] 
showed that the spectrum of the green pigment becomes indistinguishable from the red 
spectrum by changing amino acids at positions 116, 180, 230, 233, 277, 285 and 309. 
Changes at these sites (except position 116) involve replacement of hydroxyl group-
bearing amino acids by non-polar residues or vice versa. Since hydroxyl groups in the 
immediate vicinity of the chromophore are believed to have a substantial effect on the 
spectral characteristics of the pigment [57], replacement of the above mentioned residues 
provides a plausible explanation for the spectral shift between the red and green sensitive 
pigments. The effect of residue 116 is likely indirect since this residue is located outside 
the putative transmembrane domains [56]. The major part of the shift is determined by the 
residues at positions 180, 277 and 285. In a study where spectral properties of cone 
pigments from New World monkeys were compared [33] these residues were also regarded 
as responsible for the human red-green spectral shift. Since the residue at position 180 is 
polymorphic in both the red and the green gene, residues 277 and 285 from exon 5 can be 
regarded as the dominant factor in the spectral position of the red and green cone 
pigments. 
Red-Green Color Vision Defects 
The discovery that the red and green pigment genes are highly homologous and are closely 
linked in a tandem array on the X chromosome has provided an explanation for the 
development of defective genotypes leading to various red-green color vision defects 
[41,43.58]. An unequal intergenic homologous recombination can lead to the transfer of a 
green pigment gene from one chromosome to the other, giving rise to one chromosome 
with only a red pigment gene (leading to a deuteranope phenotype in a male, R'G') and 
one chromosome with one red and two green pigment genes (normal phenotype, R'G), as 
shown in figure 1.6. 
A В 
Figure 1.6 Recombination events within the tandem array of red and green pigment genes. Each gene is 
represented by an arrow: the base corresponds to the 5 ' end and the tip to the 3 'end. Filled arrows represent 
red pigment genes, open arrows represent green pigment genes A) Intergenic recombination event B) 
Intragenic recombination event 
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Intragenic rearrangements can give rise to hybrid or chimeric genes. An intragenic 
recombination event between red and green pigment genes that replaces the normal red 
pigment gene with a 5'red-3'green hybrid can produce a R"G* (protanopia) or a R'G* 
(protanomaly) phenotype. Replacement of a normal green pigment gene by a 5'green-3'red 
hybrid is usually associated with a R'G' (deuteranomaly) phenotype if additional green 
pigment genes are present at the 3' end of the array. In the absence of additional green 
pigment genes the phenotype may be either R*G' (deuteranomaly) or R*G" (deuteranopia) 
depending on whether the hybrid gene encodes an anomalous or red-like pigment . 
Psychophysical experiments show that anomalous trichromats possess pigments 
with spectral sensitivities that are between the normal red and green sensitivities [59,60]. 
Chimeric proteins produced by the exchange of exons between the red and green pigment 
genes indeed show spectral properties which are intermediate between those of the parent 
red and green pigment [61]. 
Red-green color vision defects are not always caused by gene rearrangements in the 
red-green pigment gene array. A mutation at position 203 in the green pigment can cause 
severe deuteranomaly [62]. This cystine to arginine substitution appears to abolish the 
function of the green sensitive pigment. The cys-203 residue is highly conserved among all 
visual pigments. Based on the structure model for rhodopsin [63], this residue is located in 
the second extra cellular loop and is most likely involved in the formation of a disulphide 
bond with cys-126 (figure 1.7). The corresponding residues in rhodopsin (110 and 187) are 
essential for proper conformation and function [64]. Therefore, the C203R mutation 
probably results in an altered tertiary structure leading to a non-functional pigment. 
COQt, 
Intracellular & •$ _¿_ Ъ~ 
'SJT-XfCr· ' Ä , . . i í ij.?,'. 
' £ л' ' f i t 
- а -¿г- ^t£ff—SE* 
ff С à' сРа^о; 9· 
Extracellular : 
Figure 1.7 Secondary structure model of the green sensitive pigment (derived from rhodopsin) The 
conserved cysteines 126 and 203 are shown as solid circles Horizontal lines represent disc or sac membrane 
boundaries [62]. 
Surprisingly, the C203R mutation was also found in an individual with normal color vision 
[62]. In this case the mutated green opsin gene was accompanied by several non-mutated 
green pigment gene copies. In another study, the presence of 5'green-3'red hybrid genes in 
addition to normal red and green pigment genes was demonstrated in Caucasian males 
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with normal color vision [65] Therefore, the presence of aberrant cone pigment genes is 
believed to be fairly common in the human gene pool The fact that these genes do not 
always lead to phenotypic deficiencies suggests that the cone pigments are selectively 
expressed, probably dependent on their position in the array [66] There is good evidence 
for a locus-control region (LCR) about 4 kb upstream of the transcription initiation site of 
the red pigment gene [41,67] This LCR is hypothesized to stably interact with the 
promoter of the red or green cone pigment gene However, the selection mechanism by 
which a single cone cell chooses between the two X-hnked cone pigment genes has yet to 
be elucidated According to Windenckx et al [66], the LCR should only allow 
transcription of its two most proximate genes Other reports, however, state that all the 
genes in the array are expressed [41], but that the number of cones in which the gene is 
expressed decreases proportionally to its distance to the LCR 
The LCR is also involved in blue-cone monochromacy. a severe color deficiency 
characteri7ed by the absence of red and green cone function Deletion of a 0 6 kb region 
between 3 1 and 3 7 kb upstream of the red pigment gene transcription initiation site 
completely inhibited transcription of the X-hnked cone pigment genes [41.67.68] In a 
second class of genotypes found among blue-cone monochromats point mutations occur 
that presumably inactivate the encoded visual pigment [41 68] 
Blue С olor Deficiencies 
Tritanopia is an autosomally inherited dominant color vision disorder characterized by 
insensitivity to the blue part of the spectrum Within the blue cone pigment gene three 
different point mutations have been identified in individuals with tritanopia [69.70] These 
mutations lead to the following amino acid substitutions G79R. S214P and P264S It is 
not precisely known how these substitutions lead to a loss of blue cone function or 
viability Since P264 is highly conserved among all vertebrate visual pigments and in the 
superfamily oí G-protein coupled receptors [26]. substitution of this residue might disturb 
lolding, stability or intra-cellular transport of the protein 
1.6 The Evolution of Color Vision 
I erlebi ale I ision 
Photosensitivity based upon visual pigment-like proteins exists in a wide range of species 
Using a bovine rhodopsin cDNA probe, homologous DNA sequences can be found in 
vertebrate and invertebrate organisms, as well as in algae and bacteria [71] This led to the 
assumption that all vertebrate visual pigments diverged from an ancestral rhodopsin-like 
gene The point of divergence of cone and rod pigments was estimated to be more than 
*>00 million years ago [7,72] In a study where various vertebrate visual pigments were 
compared [73], the pigments could be divided into four groups, group L long-middle 
wave sensitive (including human red and green cone pigments), group S short wave 
sensitive (including human blue cone pigment) and groups Ml and M2 middle wave 
sensitive (including human rhodopsin) A phylogenetic tree constructed on the basis of 
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amino acid identity (figure 1.8) shows that rhodopsins evolved out of cone pigments. This 
suggests that the ancestral visual pigment gene is more similar in character to cone 
pigments than it is to vertebrate rhodopsins. Therefore, animals probably acquired the 
ability to distinguish colors at least at the stage of the lowest vertebrate (node A in figure 
1.8) and acquired scotopic (nocturnal, rod-based) vision later (node D in figure 1.8). 
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Primate color vision 
In man. the X chromosome-linked red and green cone pigment genes are closely linked 
and display a high degree of homology. Together with the blue cone pigment gene they 
provide the basis for trichromacy. Old World monkeys appear to have the same color 
vision ability as humans [74,751 and also can have multiple copies of the green cone 
pigment gene on the X chromosome [76]. In contrast. New World monkeys have a single 
X chromosome-linked cone pigment gene [77]. The two infra-orders of Old World and 
New World primates have developed separately over 35 million years. Accordingly, the 
gene duplication resulting in red/green vision in Old World primates is believed to have 
occurred after separation of the Old World and New World lineages [72]. 
Analysis of the single X-linked cone pigment gene in New World monkeys 
revealed that three possible alleles can occur at this locus. Each allele codes for a cone 
pigment with a slightly different spectral absorbance [78]. Therefore, male New World 
monkeys, having only one X chromosome, are dichromatic. A female can either have the 
same allele at both loci and be dichromatic, or have two different alleles and gain 
trichromatic vision. This has been proven in laboratory tests where heterozygous females 
were able to make color discriminations impossible for all males and homozygous females 
[79.8Ü]. Apparently, the nervous system of a heterozygous female monkey is flexible 
Π 
enough to take advantage of the three classes of cones present in the retina If the nervous 
system in humans also displays this flexibility, heterozygous females (having four types of 
cones in the retina) may be tetrachromatic, having an extra dimension for color 
discrimination 
1.7 Aim and outline of this thesis 
Cone pigments are integral membrane proteins that mediate color vision Because of their 
low abundance in vertebrate retinas cone pigments have received very little biochemical 
attention So far, native cone pigments have only been isolated in small amounts from 
cone-rich retinas in non-mammalian vertebrates Although this approach for example 
resulted in the identification of photo-intermediates, such information is still lacking for 
mammalian cone pigments Functional expression in in vitro systems offers a way to 
produce recombinant mammalian cone pigments in amounts that will allow detailed 
investigation of their working mechanism The main goal of this study is to initiate the 
analysis of molecular properties underlying (mammalian) cone pigment function by in 
vitro expression and subsequent analysis Additionally, these studies may also provide 
information on more general aspects of the visual process Furthermore, visual pigments 
belong to the superfamily of G-protein coupled receptors and in general serve as a model 
system to study details of the receptor mechanism 
For the functional expression of the cone pigments the baculovirus system will be 
applied Expression of the bovine rod pigment in this system has provided a wealth of 
information allowing unravelling of many molecular properties of this protein 
Unfortunately, shortly after the investigations described in this thesis were started, 
expression of recombinant human cone pigments in mammalian cell lines was reported, 
and details concerning the spectral tuning of the red and green cone pigment emerged 
Still, these studies have not provided any information on photo-intermediates and receptor 
mechanism Hence, we mainly focussed on high-level expression and purification for the 
analysis of novel biochemical aspects of cone pigments 
In this thesis, chapter 1 gives an introduction on the visual process, color vision 
and color vision defects General features and applications ol the baculovirus expression 
system are described in chapter 2 A prerequisite for successful monitoring of functional 
expression of cone pigments is the availability of specific antibodies Since the few cone 
pigment antibodies available proved not to be applicable for our studies, we set out to 
develop specific anti-cone pigment antibodies Development and application of anti-
red/green- and anti-histidine tag antibodies are described in chapter 3 Chapter 4 reports on 
studies on optimizing baculovirus-mediated expression of cone pigments This chapter is 
divided into three parts In part A, expression studies on the human red cone pigment are 
described Bovine αΑ-crystallin is co-expressed with this cone pigment in order to 
investigate a possible protecting effect of this chaperone Part В reports on modifications 
of the mouse blue cone pigment cDNA to improve expression and detection on 
immunoblot In part С the effect of several viral promoters on visual pigment expression is 
investigated We aimed at expressing more functional pigment at earlier times after viral 
infection, but the basic protein promoter appeared not to be applicable for that purpose 
Since biochemical analysis of the cone pigment receptor mechanism can only be 
performed on purified samples, we developed a purification and reconstitution protocol for 
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histidine-tagged cone pigments. These efforts are described in chapter 5. In addition, this 
protocol allowed the first identification and analysis of mammalian cone pigment photo-
intermediates that are triggered by illumination. In chapter 6 the analysis of genomic DNA 
from color blind individuals is described. These studies were done in collaboration with 
Dr. A. Pinckers (Department of Ophthalmology, University Hospital Nijmegen). With 
these analysis we aimed to identify point mutations in the red or green cone pigment genes 
that could be used in recombinant proteins to provide information on structure-function 
relations in cone pigments. These studies were initiated shortly after the start of the 
project. Unfortunately, we mainly detected hybrid or chimeric genes, which were already 
extensively reported. Nevertheless, we were able to identify a few point mutations in cone 
pigment genes, that may contribute to the understanding of cone pigment receptor 
mechanism. 
References 
1 Zimmerman, A L , 1995, Visual Transduction, in Cell Physiology Source Book, Academic Press 
Ine 
2 DeGrip, WJ, 1987, in Biomembrane and Receptor Mechanisms, Bertoli. E, Chapman, D., 
Cambria, A and Scapagnini, U. (eds), Fidia Research Series, 7. Liviana Press, Padova. 
3 Nathans, J, 1987, Ann Rev Neuroso , 10, 163-194 
4 Wald, G , 1968, Nature, 219, 800-807 
5 Nakanishi. Κ , 1991, Pure Appi Chem , 63, 161-170 
6 Nathans, J and Hogness, D S, 1984, Proc Natl Acad Sci USA, 81, 4851-4855 
7 Nathans, J . Thomas. D and Hogness. D S , 1986, Science, 232, 193-202 
8 Okano, T, Kojima, D, Fukada, Y, Shichida, Y and Yoshizawa, T, 1992, Proc Natl Acad Sci 
USA, 98, 5932-5936. 
9 Peteanu, L, Schoenlein. RW, Wang, 0 , Mathies. R A and Shank, С V, 1993, Proc Natl Acad 
Sci USA, 90, 11762-11766 
10 Kandori, H, Mizukami, T, Okada. T, Imamoto, Y, Shichida. Y and Yoshizawa. T, 1993, 
Biochemistry, 32, 10832-10838 
11 Yoshizawa, Τ and Kuwata, O, 1991, Photochem Photobiol, 54, 1061-1070 
12 Shichida, Y, Okada, T, Kandori, H., Fukada, Y and Yoshizawa, T . 1993. Biochemistry, 32, 
10832-10838 
13 Okada, T, Matsuda, T, Kandori, H, Fukada, Y, Yoshizawa, Τ and Shichida. Y, 1994, 
Biochemistry, 33, 4940-4946 
14 Shichida, Y, lmai, H, Imamoto, Y, Fukada, Y and Yoshizawa, T, 1994, Biochemistry, 33, 9040-
9044 
15 lmai, H , Imamoto, Y , Yoshizawa, Τ and Shichida, Y . 1995, Biochemistry, 34. 10525-10531 
16 Kojima. D, Okano, T . Fukada, Y, Shichida, Y, Yoshizawa, Τ and Ebrey, T G . 1992, Proc Natl 
Acad Sci USA, 89, 6841-6845 
17 Liang, J, Govindjee, R and Ebrey, TG , 1993. Biochemisctry, 32, 14187-14193 
18 Kojima, D, lmai, H, Okano. T. Fukada, Y, Cresciteli!. F, Yoshizawa. Τ and Shichida, Y. 1995. 
Biochemistry, 34, 1096-1106 
19 Fung, В K.-K and Stryer, L, 1980, Proc Natl Acad Sci USA, 77, 2500-2504 
20 Fukada, Y , Okano, Τ , Artomonov, I D and Yoshizawa, Τ , 1989, Febs Lett, 246, 69-72 
21 Lagnado, L and Baylor, D, 1992, Neuron, 8, 995-1002 
22 YarHtz, S and Hurley. J В , 1994. J Biol Chem , 269. 14329-14332 
23 Palczewski, К , 1994, Invest Ophtal Visual Sci , 35. 3577-3581 
24 Doly. M.. 1994, Fundam Clin Pharmacol., 8, 147-154 
25 Lamb, T D and Pugh, EN , 1992. Trends Neurosci, 8, 291-298 
15 
26 Probst, W С , Snyder, L A , Schuster, D I , Brosius, J and Sealfon, S С , 1992, DNA Cell Biol , 1 1 . 
1-20 
27 Trumpp-Kallmeyer, S, Hoflack. J, Brumvels, A and Hibert, M, 1992. J Med Chem , 35, 3448-
3462 
28 Ohveira. L . Paiva. А С M and Vriend, G . 1993, J Comput Aided Design, 7. 649-658 
29 Oliveira. L, Paiva, A C M , Sander. С and Vriend, G , 1994, Trends Pharmacol Sci , 15, 170-172 
30 Smith, VC and Рокоту, J, 1972, Vision Res, 12, 2059-2071 
31 Brown, PK and Wald, G, 1964, Science, 144, 45-52 
32 Dannali, H J A, Bowmaker, J К and Mollon, J D , 1983, Proc R Soc London B, 220, 115-130 
33 Neitz,M , Neitz, J and Jacobs, G Η , 1991, Science. 252, 971-974 
34 Oprian, D D , Asenjo, A B , Lee, N and Pelletier, S L , 1991, Biochemistry, 30, 11367-11372 
35 Merbs, S L and Nathans, J , 1992, Nature, 356. 433-435 
36 Рокоту, J, Smith, V C , Vemest, G and Pinckers, A J L G , 179, Congenital and Aquired Color 
Vision Defects. Grune and Stratton, New York 
37 Young, T. 1802, Philos Trans R Soc London, 92. 12-48 
38 Young, Τ, 1807, A Course of Lectures on Natural Philosophy and the Mechanical Arts. Johnson, J. 
London 
39 Maxwell. J C . 1860. Philos Trans R Soc London. 150,57-84 
40 Strutt, J W (Lord Rayleigh), 1881, Nature, 25, 64-66 
41 Nathans. J , Davenport. C M , Maumenkee. I H . Lewis. R A . Hejlmancik, J F . Litt, M. Lourien. 
E . Weleber, R . Bachynski. В . Zwas. F , Klingaman. R and Fishman, G . 1989, Science, 245. 831-
838 
42 Neitz, J and Neitz, M, 1994, in Molecular Genetics of Inherited Eye Disorders, Wright, A and Jay, 
В (eds), Harwood Academic Publishers GmbH 
43 van Heel. Went, LN and van Norren, D, 1980, in Color Vision Deficiencies, Verreist. G (ed). V 
Hilger, Bristol 
44 Nathans, J . Piantanida. Τ Ρ , Eddy, R L , Shows. Τ В and Hogness, D S , 1986, Science, 232. 203-
210 
45 Vollrath. D , Nathans, J and Davis, R W , 1988, Science, 240, 1669-1672 
46 Feil. R . Auborg, Ρ, Heiig, R and Mandel, J L. 1990, Genomics, 6. 367-373 
47 Drummond-Borg, M, Deeb, SS and Motulski, A G , 1989, Proc Natl Acad Sci USA, 86, 983-
987 
48 Neitz. M and Neitz, J . 1995. Science. 267. 1013-1016 
49 Neitz, M . Neitz, J and Grishok, A . 1995, Vision Res, 35, 2395-2407 
50 Jorgensen, A L , Deeb, S S and Motulski, A g , 1989. Proc Natl Acad Sci USA. 87, 6512-6516 
51 Neitz, J and Jacobs, G Η , 1986, Nature, 323, 623-625 
52 Neitz. J and Jacobs. G H . 1990. Vision Res . 30. 621-636 
53 Windenckx, J , Lmdsey. D Τ, Sanocki, E , Teller. D Y . Motulski. A G and Deeb, S , 1992, Nature, 
356, 431-433 
54 Deeb, S . Alvarez A . Malkki, M and Motulski A G , 1995, Hum Genet. 95, 501-506 
55 Sanocki. E, Lindsey, D T . Windenckx, J , Teller, D Y , Deeb, S and Motulski, A G , 1993, Vision 
Res. 2139-2152 
56 Asenjo, А В . Rim, J and Oprian, D D . 1994. Neuron. 12, I 131-1 138 
57 Kosower. E M , 1988. Proc Natl Acad Sci USA, 85, 1076-1080 
58 Nathans, J , Merbs, S L . Sung, С H , Weitz, С J and Wang, Y , 1992, Annu Rev Genet, 26. 403-
424 
59 Rushton, W A H , Powell, D S and White, К D , 1973, Vision Res. 13, 2017-2031 
60 Piantanida. TP and Sperling, H G , 1973, Vision Res, 13, 2033-2047 
61 Merbs, S L and Nathans. J . 1992. Science. 258, 464-466 
62 Windenckx. J, Sanocki, E, Lmdsey. D T . Teller. D Y , Motulski, AG and Deeb, S S . '1992. 
Nature Genet, I. 251-256 
63 Hargrave. Ρ A . McDowell. J Η . Curtis. D R . Wang, J К , Juszczak, E , Fong. S L . Rao. J Κ M 
and Argos, Ρ, 1983, Biophys Struct Mech . 9„ 235-244 
64 Karnik, S S . Sakmar, T P , Chen, HB and Khorana. H G . 1980. Proc Natl Acad Sci USA. 85. 
8459-8463 
16 
65 Deeb, S S , Lindsey, D Τ, Hibiya, Y , Sanocki, E , Windericks, J , Teller, D Y and Motulski, A G , 
1992, Am J Hum Genet, 51, 687-700 
66 Windenckx, J, Battisti, L, Motulski, A G and Deeb, S S , 1992, Proc Natl Acad Sci USA, 89, 
9710-9714 
67 Wang, Y , Маске, J Ρ , Merbs, S L . Zak, D J , Klaunberg, В , Bennet, J , Gearhart, J and Nathans, 
J, 1992, Neuron, 9. 429-440 
68 Nathans, J, Maumenee, IH, Zrenner, E, Sadowski. B, Sharpe, LT, Lewis, RA, Hansen, E, 
Rosenberg, T, Schwartz. M, Heckenlively, JR, Traboulsi. E, Klmgaman, R, Bech-Hansen, N T , 
LaRoche, GR, Pagon, RA, Murphey, W Η and Weleber, RG, 1993, Am J Hum Genet, 53, 
987-1000 
69 Weitz, С J Miyaké, Y , Shinzato, К , Montag, E , Zrenner, E , Went, L N and Nathans, J , 1992, 
Am J Hum Genet, 50, 498-507 
70 Weitz, С J , Went, L N and Nathans, J , 1992. Am J Hum Genet ,51, 444-446 
71 Martin, R L , Wood, С , Baehr, W and Applebury, M L , 1986, Science, 232, 1266-1269 
72 Yokoyama, S and Yokoyama, R, 1988, Mol Biol Evol, 6, 186-197 
73 Okano, T, Kojima. D. Fukada, Y, Shichida, Y and Yoshizawa. T, 1992, Proc Natl Acad Sci 
USA, 89, 5932-5936 
74 Bowmaker, J К , Astell, S , Hunt, D M and Mollon, J D , 1991, J Exp Biol , 156, 1-19 
75 Deeb, S S . Jorgensen AL, Battisti. L, Iwasaki, L and Motulski, AG, 1994, Proc Natl Acad 
Sci USA. 91, 7262-7266 
76 Ibbotson, R E , Hunt, D M , Bowmaker, J К and Mollon. J D , 1992, Proc R Soc London В . 247, 
145-154 
77 Mollon, J D . Bowmaker, J К and Jacobs. G H . 1984. Proc R Soc London Β , 222 373-399 
78 Tovee, M J , 1994. Trends Neurosci, 17, 30-37 
79 Jacobs, G Η , 1984, Vision Res , 24, 1267-1277 
80 Tovee. Μ J , Bowmaker, J К and Mollon. J D , 1992, Vision Res . 32, 867-878 
17 

Chapter 2 
The Baculovirus Expression System 

Chapter 2 
The Baculovirus Expression System 
2.1 Introduction 
Baculoviruses form a large group of invertebrate-specific viruses, particularly infectious for 
insects of the order of Lepidoptera. They are capable of infecting over 600 species of 
insects; individual isolates, however, display a limited host range of closely related species. 
The viruses are characterized by large rod-shaped virions containing a closed circular 
supercoiled ds DNA genome. Baculovirus genomes can vary in size from 60 to 250 kb. 
The family Baculovindae contains a single genus, Baculovirus. which, on 
morphological properties, can be subdivided into two groups. The first group is made up 
of nuclear polyhidrosis viruses (NPVs), of which the virions are occluded into large ( 1 to 
15 ц т ) , polyhedral occlusion bodies. Two different NPVs can be distinguished by their 
virions being present as either single (SNPV) or multiple (MNPV) nucleocapsids per 
envelope. The second group contains granulosis viruses (GVs), where a single virion is 
packaged into an oval shaped occlusion body. Occlusion bodies stabilize the virions for 
long periods of time in the environment. 
The most extensively studied baculovirus is Autographa cali fornica NPV, 
AcMNPV. The less well characterized Bombyx Mori NPV is also used as an expression 
system, but will not be further discussed in this chapter [1-6] AcMNPV has a genome that 
comprises 133,894 bp. The complete sequence of this genome (clone C6) has been 
determined and analyzed [7]. AcNPV can infect 39 species of moths [8] and is usually 
propagated in cell lines derived either from the fall army worm Spodoptera frugiperda or 
from the cabbage looper Trichoplusia m 
The life cycle (figure 2.1) starts with the ingestion of an occlusion body by an 
insect larva. Release of the virions in the midgut is followed by infection of susceptible 
cells (primary infection). The virions then enter the nucleus. From this point on the 
synthesis of new virions has a biphasic character. New viruses are produced to become 
extracellular virus particles, budding from the cell (budded virus, BV), and thereby capable 
of infecting cells of other organs (secondary infection) Another pathway is the production 
of occluded viruses. Here the nucleocapsids are surrounded in the nucleus by a crystalline 
matrix of a viral-encoded protein, called polyhedrin. After death and lysis of the infected 
cell, these polyhedra are released into the environment, where they may eventually be 
consumed by another permissive insect host, thereby reinitiating the infection cycle 
The expression of viral genes can be divided into three stages, called early (0-6 
hpi), late (6-20 hpi) and very late phase (>20 hpi) [2.9-11]. In the early phase the host cell 
is reprogrammed for viral replication. Viral RNA can be detected 30 min after inoculation. 
Transcription is mediated by host cell RNA polymerase II, because it is inhibited by a-
amanitin, a potent inhibitor of eukaryotic RNA polymerase II. During the late and very 
late phase, viral transcription is insensitive to cc-amanitin. suggesting the activity of a new 
(virus modified or virus encoded) RNA polymerase. This polymerase recognizes a viral 
late or very late promoter, containing the sequence TAAG, which is the start point of all 
known late and very late transcripts [1,2.10]. 
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Figure 2.1 Schematic representation of the life cycle of a nuclear polyhydrosis virus, e.g. AcNPV. 
Polyhedrin is hyperexpressed during the very late phase of infection, where it can 
represent at least 30 % of the total cytosolic cellular protein. The polyhedrin gene is highly 
conserved during evolution, since there is over 80% sequence identity among lepidopteran 
baculovirus polyhedrins [12]. 
PIO is another protein with a high level of expression in the very late phase of 
infection. The plO protein is the major compound of fibrillar structures that appear in the 
nucleus and the cytoplasm of infected cells. It has been suggested that these fibrillar 
structures play a role in the lysis of host cells [13]. There is also evidence for an 
association of the plO containing fibrillar structures and the developing polyhedral 
envelope (calyx) [10]. Nuclear discharge of host cells can only be accomplished when plO 
interacts with at least one virus-specific factor [14]. 
2.2 Expression of heterologous genes 
2.2.1 Features of the Baculovirus Expression System 
During the very late phase of infection of AcNPV, at least two expressed genes are not 
essential for virus replication. These genes are the polyhedrin and plO gene. The 
production of heterologous proteins is usually accomplished by replacement of the 
polyhedrin and/or plO gene in the viral genome by the gene of interest, yielding a 
recombinant virus (also called baculovirus expression vector). After infection of insect 
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cells, expression of the foreign gene is then driven by the strong polyhednn or plO 
promoter Because splicing does not play a major role in the regulation of transcription of 
baculovirus genes, it is recommended that cDNA's are used if high-level expression is 
aimed for 
There are a number of unique features that distinguish the baculovirus expression system 
from other eukaryotic expression systems 
The AcNPV genome is capable of accommodating large DNA inserts (up to at least 
25 kb) 
Transcription from the polyhednn or plO promoter takes place after the infectious 
progeny is released from the cell 
The strong polyhednn and plO promoter usually give high expression levels 
Expression takes place at 27 °C, allowing the production of thermolabile proteins 
Two or more proteins can be expressed simultaneously by using multiple-sue 
expression vectors or by coinfecting cells with two or more recombinant viruses 
The system is helper virus independent, which accounts for simplicity of 
technology 
The insect cells do not require C02, therefore a simple incubator can be used 
The insect cells are quickly adapted to suspension cultures, allowing easy scale-up 
Like other eukaryotic cells, baculovirus-infected insect cells perform most posttranslational 
modifications, including phosphorylation, correct signal peptide cleavage, isoprenylation 
and palmitoylation [15-20] 
The capacity of insect cells to accomplish glycosylation is extensively studied [21-
25] These studies demonstrate that in insect cells the majority of the N-linked 
carbohydrate chains is of the high-mannose or oligo-mannose type The remaining types 
are mainly truncated with two or three mannoses Nevertheless, the occurrence of N-linked 
complex oligosaccande side chains has been reported for baculovirus mediated expressed 
human plasminogen [26-28] 
Despite the success in the expression of heterologous proteins under control of the 
polyhednn and plO promoter, in some cases only a minor fraction of the recombinant 
protein is functionally active or properly processed [29-32] These results indicate that the 
cell's ability of posttranslational processing is influenced by the very late stage of 
infection, during which the recombinant protein is synthesized Therefore, baculovirus 
expression vectors have been designed, using a fairly strong promoter that is active earlier, 
ι с in the late phase of infection This promoter regulates the transcription of a basic 
protein with an apparent molecular weight of 6.9 kD This arginine rich protein is first 
detected 6 to 12 hpi, but is maximally synthesized between 12 to 24 hpi [33] The basic 
protein gene is, however, essential for virus replication and is therefore duplicated in 
recombinant baculoviruses [34] Results obtained with this promoter show an increase in 
the amount of functionally active recombinant protein, compared to production under 
control of the polyhednn or the plO promoter [20,35-38] 
22 2 Production of Recombinant Viruses 
Because ot the large viral genome, direct cloning of a foreign gene (cDNA) under 
transcriptional control of a suitable promoter is very difficult Consequently, the production 
of a recombinant virus takes place in two stages In the first stage the foreign cDNA is 
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inserted into a so-called transfer vector downstream of a baculovirus promoter that is 
flanked by viral DNA from the corresponding locus (eg the polyhednn or plO gene) In 
the second stage the transfer vector and viral DNA are cotransfected into insect cells 
Homologous recombination then leads to the formation of a recombinant virus Both stages 
will be discussed below m detail 
Transfer Vectors 
Transier vectors are used in the first stage of the production of a recombinant virus Over 
the years numerous transfer vectors have been constructed [1,2.39] The cDNA of interest 
is placed under control of a strong very late viral promoter (polyhednn or plO) Flanking 
sequences in the transfer vector determine the locus where the foreign cDNA will be 
incorporated in the viral genome after homologous recombination The earliest transfer 
vectors were designed to facilitate the synthesis of a fusion protein of the protein ot 
interest and polyhednn [1,39] Later, transfer vectors were available for the expression of 
non-fused proteins Initially, these vectors had only one cloning site for insertion of the 
DNA and used the polyhednn promoter to drive expression 
A few important modifications were made to improve cloning and selection of 
recombinant baculoviruses One of the modifications is the insertion of a multiple cloning 
site downstream the promoter Another development is the presence of a reporter gene in 
the transfer vector such as lac7 [40,41], luciferase [42,43], alkaline phosphatase [27] and 
juvenile hormone esterase [44], which facilitates the identification of a recombinant virus 
after cotransfection (discussed in the next paragraph) 
Currently, most heterologous proteins are expressed under control of the above 
mentioned polyhednn, plO or basic protein promoter Since the basic protein promoter is 
essential for virus replication, this promoter is duplicated in the recombinant baculovirus 
This is accomplished by using a neutral EcoRV site upstream in the polyhednn gene-
flanking sequences in the transfer vector Homologous recombination then leads to 
insertion of the promoter and the cDNA at the designed locus in the viral genome [2,34] 
Production of two or more heterologous proteins by a single recombinant 
baculovirus can be performed by using transfer vectors suitable for dual, triple or 
quadruple expression, respectively equipped with two. three or four baculovirus late 
promoters [45-47] 
Cotransfection 
The second stage in the production of a recombinant baculovirus is the cotransfection of a 
transfer vector (containing the foreign cDNA) and viral DNA into insect cells The most 
commonly used method for the introduction of DNA into insect cells is the calcium 
phosphate coprecipitation [48,49] DEAE dextran-mediated and liposome-mediated 
transfection are also used [49,50] 
Allelic replacement by a double cross-over reaction gives rise to a recombinant 
virus in which a non-essential gene (such as polyhednn) is replaced by the cDNA of 
interest When the polyhednn gene is replaced, infection with the resulting recombinant 
virus will not lead to the formation of polyhedra in the insect cells This enables 
identification of the recombinant by their altered plaque morphology [1,2] A plaque is a 
group of infected cells that can be distinguished from the surrounding background of 
uninfected cells However, when wild type viral DNA is used in the cotransfection, the 
vast majority of progeny virus will be wild type Since this virus is occlusion body 
positive, the identification of recombinants is a very tedious step, due to the low efficiency 
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of recombination (between 0 1 and 1 %) The presence of a reporter gene in the transfer 
vector (mostly an enzyme, which is also incorporated into the recombinant virus) 
facilitates the identification of recombinant virus by detection of the enzyme's activity 
Besides this, modification of the viral DNA has also enhanced the recovery of 
recombinants Linearization of the viral DNA prior to cotransfection yields a higher 
percentage of recombinant progeny (up to 30%) [51] This is due to the lower infectivity 
of linear DNA compared to the corresponding circular form To accomplish linearization, a 
unique restriction site (Bsu36I) is inserted at the polyhedrin [51] or plO [52] locus in the 
viral genome A method to generate recombinant viruses at frequencies of nearly 100% is 
the deletion of an essential part of the viral genome, downstream of the polyhedrin gene 
[53] Recombination between a suitable transfer vector and the restricted viral DNA 
restores the integrity of the essential gene This modified viral DNA is commercially 
available (Clontech, Pharmingen) 
Additional approaches for efficient generation of recombinant viruses have been 
developed Examples are the use of the Cre-lox system of bacteriophage pi [54], 
replication and maintenance of the baculovirus genome in Saccharomyces cerevisiae [55] 
or in Escherichia coli [56], selection against neomycin [57] or thymidine-thymidilate 
kinase [58] and the insertion of a unique I-Scel site in the viral genome, which allows 
direct cloning [59] 
After cotransfection of the transfer vector and the viral DNA into insect cells, the 
recombinant virus has to be identified and subsequently purified This can be done in 
various ways, depending on the type of transfer vector and viral DNA that are used As 
mentioned before, morphological screening can be performed in a plaque assay [2] if the 
recombinant has a different phenotype compared to the non-recombinant This can be 
combined with detection of a reporter enzyme's activity Other methods of identification 
and purification are limiting dilution combined with DNA dot-blot hybridization [60,61] 
or ïmmunoscreening [62] and fluorescence-activated cell sorting [63] PCR-based 
identification is also employed after initial purification in a plaque assay [64,65] 
A schematic overview of the production of a recombinant baculovirus is presented in 
figure 2 2 
2 2 3 Expreision of heterologous proteins in insect cells 
After identification and purification of a recombinant baculovirus the heterologous protein 
can be produced in insect cells The insect cells are infected with the recombinant virus 
and at a certain time after infection the cell culture is tested for the synthesis of the 
protein For proteins that are not secreted, the insect cells must be harvested to verify the 
presence of the desired product Alternatively, if the protein is secreted, the tissue-culture 
fluid has to be analyzed The kinetics of protein production are largely determined by the 
promoter that is used to drive expression However the optimal time at which the 
recombinant protein can be isolated has to be determined empirically [2] 
For large scale production of a heterologous protein in insect cells infection ot 
high-density suspension cultures is commonly applied Nevertheless, insect culture scale-up 
is subject to some operating constraints Two of these are the high shear sensitivity of 
insect cells [67] and the high oxygen demand [68] The supply of oxygen by sparging 
often leads to severe damage of the cells The problem of providing enough oxygen 
combined with sufficient agitation can be solved by the addition of Pluromc-F68 to the 
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culture medium [69,70], a surfactant that protects the cells from the damaging effects of 
mechanical shearing. Besides this, other adaptations in the large-scale culture of insect 
cells can lead to successful production of recombinant proteins in bioreactors (reviewed in 
[71]). 
Insect cells can also be stably transformed in order to constitutively express 
recombinant proteins [72,73]. In these studies a foreign gene is integrated into the insect 
cell's genome. Expression is controlled by the baculovirus IE-1 (immediate early) 
promoter. The levels of foreign gene expression are somewhat lower than those obtained 
with the lytic baculovirus expression system. 
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Figure 2.2 Schematic representai ion of the production of a recombinant baculovirus Replacement of the 
polyhedrm gene by "Your Favorite Gene" (YFG). ree = recombinant progeny virus, wt = wild type progeny 
virus [66] 
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2.3 Materials and Methods 
2 3 1 Cell Culture 
The cell line used throughout this thesis to propagate the baculovirus is the Spodoptera 
frugiperda cell line IPLB-SF9 The cells were maintained at 27 °C in TNM-FH medium 
supplemented with 10 % fetal calf serum (Life Technologies, Paisley, Scotland), 50 μg/ml 
streptomycin and 50 U/ml penicillin (Life Technologies, Grand Island, NY. USA) Cells 
were grown as monolayers in culture flasks (Costar. Cambridge, MA, USA or Greiner, 
Fnckenhausen, Germany) or as suspension cultures (100-600 ml) in spinner flasks (Bélico, 
Vineland, NJ, USA) In suspension cultures Pluronic F-68 (Sigma, St Louis. MO. USA) 
was added to a Final concentration of 0 1% (w/v) during cell growth and 0 3% during viral 
infection 
In 600 ml suspension cultures oxygen was supplied by overlay-aeration with sterile air 
For large scale production of recombinant protein a bioreactor (Applikon Bio Controller 
ADI 1030) was used, in which Sf9 cells were grown in a 3 1 culture in serum-free Insect-
Xpress medium (Bio Whittaker. Walkersville, MD. USA) 
2 3 2 Transfer Vectors 
The transfer vectors used for cloning of the foreign cDNA's are polyhcdnn locus based 
vectors (figure 2 3) The sequences flanking the promoter and inserted cDNA's are derived 
from the polyhednn locus After homologous recombination incorporation takes place at 
the polyhednn locus 
- pAcDZl (provided by Dr J M Vlak, University of Wageningen, The Netherlands) 
This vector has a single BamHI cloning site for insertion of the foreign cDNA downstream 
of the polyhednn promoter The LacZ gene, under transcriptional control of the Hsp70 
promoter is used as a reporter gene 
- pAcUW51 (Pharmingen) 
This is a dual expression vector Expression can be controlled by the polyhednn promoter 
and/or the plO promoter The cloning sites are BamHI (polyhednn promoter) and EcoRI, 
Bglll (plO promoter) 
- рАсМРЗ (Pharmingen) 
In this vector the cDNA is cloned downstream of the basic protein promoter in a multiple 
cloning site (tig 2 3) 
- pVL1393 (provided by Dr L К Miller, University of Georgia, Athens, GA, USA) 
In this vector the cDNA can be cloned downstream of the polyhednn promoter in a 
multiple cloning site (identical to the MCS in рАсМРЗ) 
The transfer vectors pAcUW51. рАсМРЗ and pVL1393 do not contain a reporter gene 
27 
/ 
pAcDZ! pAcUW5l 
~ 12500 bp ~5800bp 
pllsp70 pPol/ 
» Ì. У Z, pPol pF'10 / 
BamiII i ""' ' EcoRI 
LacZgene Bamlll Bglll 
,'. Л 
pAcMI'3 pVL.1393 
~ 10000 bp -lOOOObp 
pBP --' çl'ol 
MCS MCS 
BamHI Smal Xbal EcoRI Noti Eagl PstI Bglll 
I I I I I I I I 
I I I I I I I I 
Promoter - - > CGGATCCCGGGTACCTTCTAGAATTCCGGAGCGGCCGCTGCAGATCT 
GCCTAGGGCCCATGGAAGATCTTAAGGCCTCGCCGGCGACGTCTAGA 
В 
Figure 2.3 Panel A: Schematic illustration of the transfer vectors used in this study, pPol: polyhedrin 
promoter, pPIO: PIO promoter, pBP basic protein promoter, pHsplO Hsp70 promoter. MCS: multiple 
cloning site Open bars represent sequences from the polyhedrin locus 
Panel В Nucleotide sequence of the multiple cloning site m рАсМРЗ and pVL1393. 
2.3.3 Generation of Recombinant Baculoviruses 
Recombinant baculoviruses were generated by cotransfection of the recombinant transfer 
vector with BaculoGold™ DNA (Pharmingen, San Diego, CA, USA) as described by the 
manufacturer. Briefly, 2 μg recombinant transfer vector was incubated with 200 ng 
BaculoGold™ DNA in 700 μΐ Transfection Buffer В (125 mM HEPES, pH 7.1, 125 mM 
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CaCl2, 140 mM NaCl). After 5 min this mixture was gently applied to 2.5x106 Sf9 cells 
attached to a 25 cm2 culture flask in 700 μΐ Transfection Buffer A (Grace's Medium with 
10 % FCS) After a four hour incubation at 27 CC the supernatant was removed from the 
flask and 4 ml of complete TNM-FH medium was added. The culture flask was then 
incubated for 5 days at 27 °C after which the supernatant was collected. Purification of the 
recombinant baculovirus was accomplished by a plaque assay. The purified virus was used 
for the production of high-titer virus stocks [2]. The titer of the stocks was determined by 
limiting dilution [2]. 
2 3 4 Viral Infection 
Viral infection of monolayer cultures and 100 ml suspension cultures was performed b> 
adding the virus stock (MOI 5) to the cells in half of the final culture volume After one 
hour the medium was supplemented to the original volume. In most cases the cells were 
harvested 3 dpi. 
Viral infections of 600 ml suspension cultures were achieved by adding the virus 
stock to the cell suspension when the cells reached a density of 1.8xl06 cells/ml (MOI=l) 
The cells were harvested 4 dpi. Cells cultured in the bioreactor were infected at a density 
of approximately 4xl0 6 cells/ml by adding the virus to the cell culture at a MOI of 0.1. 
Harvesting of the cells was done at 4 dpi. 
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Chapter 3 
Development of Polyclonal Antisera 
for Analysis of Cone Visual Pigments 
3.1 Introduction 
Antisera are indispensable tools in modem biochemistry and are a prerequisite for detailed 
analysis on virtually any protein They can be applied to study protein structure or 
biosynthesis, but they can also serve to purify or quantitate the proteins of interest In this 
thesis antisera are used for example in the selection of positive recombinant baculoviruses 
resulting in the expression of visual pigments, sub-cellular localization of visual pigments 
and the evaluation of purification protocols In order to fulfil these functions, the antisera 
must recognize the proteins in a denatured (SDS-PAGE + Western blot) as well as in a 
more native-like state (immunopunfication, immunoprecipitation) 
Highly specific antisera recognizing mammalian cone pigments [1-5] are relatively 
scarce, and most of the available ones cannot be used for all of the above-mentioned 
techniques [4] This chapter describes the development of several broadly usable 
polyclonal antisera One antiserum was raised against purified chicken red cone pigment 
The others were produced by eliciting an immune response to synthetic oligopeptides Two 
of these correspond to a conserved amino-terminal region of the L (Long- and Middle 
wave sensitive) cone pigment family (see chapter 1), to which the human red and green 
cone pigment belong The other corresponds to a conserved amino-terminal region of the S 
(Short wave sensitive) cone pigment family, to which the human and mouse blue pigment 
belong 
Histidine tagging in combination with Immobilized Metal Affinity Chromatography 
(IMAC) has become a widespread technique for obtaining purified protein samples This 
rapid, relatively simple and inexpensive technique allows a single-step purification of 
many proteins in both prokaryotic [6,7] and eukaryotic expression systems [8], including 
recombinant baculovirus [9.11] Detection of histidine-tagged proteins in crude cell 
extracts or in fractions isolated during metal affinity chromatography, requires histidine-tag 
specific antisera In this chapter we also describe the development of two polyclonal 
antisera that recognize the his tag These antisera were elicited against synthetic ohgo-His 
peptides 
Five of the antisera proved to be suitable for various purposes they recognize 
recombinant or native visual pigments on Western blot and immunocytochemistry 
Additionally, two red-green cone pigment specific antisera were also tested in 
immunohistochemical studies and found suitable for detection of cone pigments on retina 
sections 
3.2 Materials and Methods 
Purified Chicken Red Cone Pigment 
The chicken red cone pigment was isolated and purified essentially as described [12,13] 
Bneflv a mixture of cone and rod outer segments was isolated from approximately 500 
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frozen chicken retinas by mild homogenization followed by sucrose density (23%-40%) 
centrifugaron (1 h lOOOOOxg. 9 °C) in buffer Ρ (20 raM Pipes, 10 raM NaCl. 5 mM 
EDTA. 1 mM DTE. 10 μ^ηιΐ leupeptin. 0 1 mM PMSF. pH 6 5) The pigments were 
solubilized in 20 mM dodecylmaltoside and purified by ConA-Sepharose chromatography 
(Pharmacia) Elution of the pigments was performed with a-methylmannoside and assayed 
by spectrophotometry The fractions eluted with 1 and 2 mM a-methylmannoside 
contained the red cone pigment (roughly 50 nmol) They were pooled and dialyzed for 48 
h at 4 °C against buffer Ρ This fraction still contained appreciable amounts of the rod and 
green cone pigment, as established by differential bleaching and stability against 
hydroxylamine [12], and was subjected to a second ConA purification The fraction eluted 
with 1 and 2 mM α-methylmannoside now mainly consisted of the red cone pigment (>90 
% as judged by the A500/A56O ratio [12]) with a minor contamination by the green cone 
pigment and the rod pigment (<10 %) This fraction was used for immunization and 
Western blot and ELISA controls 
Peptides Conjugated to Rabbit Serum Albumin 
Peptides were synthesized using Fmoc amino acid dérivâtes according to standard peptide 
chemistry For development of blue cone specific an tisera the peptide designated peptide 
blue was used ata-Ile-Ser-Ser-Val-Gly-Pro-Trp-Asp-Gly-Pro-Gln-Tyr-His-OH These 
amino acids correspond to residues 15-27 of the human blue cone pigment and 13-25 of 
the deduced sequence of the mouse blue cone pigment For development of red-green cone 
pigment specific antisera two peptides were used peptide red-green 1 ata-Ser-Asn-Ser-
Thr-Arg-Gly-Pro-Phe-Glu-Gly-Pro-Asn-Tyr-His-OH, corresponding to residues 34-45 of 
the human red and green cone pigment and peptide red-green 2 ata-Ala-Gly-Arg-His-Pro-
Gln-Asp-Ser-Ser-Glu-Asp-Ser-Thr-Gln-Ser-Ser-Asn-Ser-Thr-Arg-Gly-Pro-Phe-Glu-Gly-
Pro-Asn-Tyr-OH This sequence corresponds to a combination of the amino acid residues 
11-26 and 34-45 of the human red and green cone pigment These residues were chosen 
because of their antigenic and hydrophilic character as judged by Hopp and Woods [14], 
and Kyte and Doolittle [15] analysis, respectively For the production of histidine-tag 
specific antisera two oligo-His peptides were used a hexa-His peptide ata-(His)6 and an 
octa-His peptide ata-(His)„ 
The amino terminal group of the peptides, designated ata (acetyl-thio-acetyl), 
allows coupling to a maleimidated carrier after exposing the free thiol group of the ata-
peptide with hydroxylamine Coupling of the peptides to the carrier rabbit serum albumin 
(RSA) was performed as described [16] After coupling, the number of peptides per carrier 
molecule was estimated by amino acid analysis This showed that typically 6-12 peptides 
were coupled per RSA molecule 
Immunization 
New Zealand white rabbits were immunized subcutaneously with 0 3 mg peptide-
conjugated RSA in complete Freund's adjuvant Immunization with purified chicken red 
cone pigment (0 15 mg) was carried out in the dark Booster injections with the same 
amount of antigen were given in incomplete Freund s ad|uvant three times every four 
weeks Sera were collected at every booster injection and antiserum tilers were determined 
on the peptide-conjugated RSA or on the chicken red cone pigment by ELISA 
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ELISA 
Peptide-conjugated RSA or purified chicken red cone pigment were suspended in PBS and 
coated onto polystyrene wells (96 wells plate, Greiner) by incubation for 16 hours at 4 °C 
(150 μΐ, 0 1-1 μg protein/well) Aspecific binding sites on the wells were blocked by 
incubation with 200 μΐ 0 1 % gelatin in PBS for one hour at room temperature (RT) The 
wells were washed twice with wash buffer (PBS. 0 1 % BSA, 0 1 % Tween-20) A serial 
dilution of the antiserum in wash buffer was added to the wells (100 μΐ) and incubated for 
1 h at RT After washing three times with wash buffer, 100 μΐ peroxidase-conjugated 
swine-anti-rabbit immunoglobulins (1 200 in wash buffer, DAKO Immunoglobulins) was 
added and incubated for lh at RT followed by washing 3 times with wash buffer The 
peroxidase activity was assayed with o-phenylenediamine (Sigma, 100 μΐ per well of a 
solution containing 40 mg o-phenylenediamine and 40 μΐ 30 % H
:
0
:
 per 100 ml 0 1 M 
citrate-phosphate buffer, pH 5 0) The reaction was allowed to continue for 10-20 min 
until sufficient color development and was stopped by addition of 100 μΐ 2 M H,S04 
Absorbance was measured at 492 nm using a Titertek Multiscan photometer The A492 was 
plotted against the serial dilution (semi-log) and the titer was determined as the dilution 
giving half-maximal A4,2 
Immunohistochemt ιtry 
Human (Homo sapiens), monkey (Macaca mulatta), rat (Rattus norvégiens), mouse (Mus 
musculus) and chicken (Gallus domesticus) retinas were fixed in bouin and embedded in 
paraplast plus (Sherwood) Semithin sections (5 μιτι) were cut and mounted on glass slides 
Sections were dewaxed in xylene (10 min) followed by rinsing in 96 % ethanol (10 min), 
70 % ethanol ( 2 x 1 0 min) and PBS ( 3 x 5 min) Sections were incubated with polyclonal 
antisera CERN906 or CERN956 (1 100 in PBS, 10 % Fetal Calf Serum (FCS), 10 % 
Normal Human Serum (NHS), 10 % Normal Rat Serum (NRS)) or monoclonal antibody 
COS-1 (1 1000 in PBS, 10 % FCS, 10 % NHS, 10 % NRS) for 1 h at RT The latter, a 
red-green cone pigment specific monoclonal antibody [1,3] was used as a reference After 
washing three times with PBS (5 min) the secondary antiserum was added swine-anti-
rabbit (DAKO, 1 50 in PBS, 10 % FCS, 10 % NHS, 10 % NRS) or rabbit-anti-mouse 
(DAKO, 1 25 in PBS, 10 % FCS, 10 % NHS, 10 % NRS), and incubated for 1 h at RT 
Next, the sections were washed three times with PBS followed by incubation with rabbit 
peroxidase-anti-peroxidase (DAKO. 1 50 in PBS, 10 % FCS, 10 % NHS, 10 % NRS) or 
mouse peroxidase-anti-peroxidase (DAKO, 1 250 in PBS. 10 % FCS, 10 % NHS, 10 % 
NRS) for 1 h at RT Detection of peroxidase activity was performed as described by 
Janssen et al [17] 
Insect Cell Culture and Viral Infection 
Sf9 cells were cultured and infected with recombinant baculoviruses encoding the 
histidine-tagged human red or green cone pigment or bovine rhodopsin as described in 
chapter 2 Cells were harvested at 3 dpi 
SDS-PAGE and Western Blot 
Proteins from retina extracts or baculovirus infected insect cells were separated by 
electrophoresis on a 12 % SDS-polyacrylamide gel [18] (BioRad. Mini Protean II) The 
protein bands were then transferred to nitrocellulose sheets (Schleicher and Schuell, BA 
85, pore size 0 45 μιτι) by electroblotting The blots were probed with antisera CERN906, 
CERN954 and CERN956 or CERN9416 (1 1000 in PBS) 
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[mmunocytochemistry 
Sf9 cells were grown on cover slips to confluency and subsequently infected with the 
recombinant baculovirus (MOI=l-5). After two days the cells were washed twice with PBS 
and fixed in 1 % paraformaldehyde in phosphate buffer pH 7.4 for one hour at RT. The 
cells were permeabilized in methanol at -20 °C for 5 min after which they were allowed to 
dry. Next, aspecific binding sites for immunoglobulins were blocked by incubation with 
PBS, 0.05 % Tween-20, 1 % (w/v) gelatin, 2 % FCS, for 30 min (RT), followed by 
washing with PBS, 0.05 % Tween-20 The cells were then incubated with the primary 
antiserum (1:500) in PBS. 0.05 % Tween-20, 1 % gelatin, 2 % FCS for 30-60 min (RT). 
After rinsing twice with PBS, 0.05 % Tween-20 the rhodamine-conjugated secondary 
antiserum (SAR-TRITC. Dako Immunoglobulins, 1 • 50 in PBS, 0.05 % Tween-20. 1 % 
gelatin. 2 % FCS) was added and incubated for 30 min at RT The samples were then 
rinsed three times with PBS, 0.05 % Tween-20 followed by a short wash with distilled 
water The cells were then dehydrated with 100 % methanol, dried and mounted in 10 % 
Mowiol (Hoechst), 2.5 % (w/v) NaN3, 25 % glycerol in 0 1 M Tris/HCl, pH 8 5. Samples 
were analyzed using an Olympus BH2 microscope. 
Table I Summary of antisera developed for cone visual pigment analysis 
Antigen Serum Titer Positive Reaction 
Chicken Red Cone Pigment CERN 
Peptide Blue 
Peptide Red-green 1 
Peptide Red-green 2 
Peptide (His)6 
Peptide (His)B 
CERN 
CERN 
CERN 
CERN 
CERN 
906 
931 
932 
933 
934 
951 
952 
953 
954 
955 
956 
9413 
9414 
9415 
9416 
20000 
2000 
200 
3000 
3000 
300 
200 
500 
800 
1000 
1200 
600 
2000 
1000 
2500 
A, B, C, 
A 
A 
А, В 
А 
А 
А 
А 
А, В, С 
А. В' 
А, В, С, 
А. С
2 
А, С
2
, D 
А, С
2 
А, С
2
, D 
D, E 
D, E 
A Western blot with antigen 
В Western blot with retina extracts 
С Western blot with recombinant pigment 
D Immunocytochemistry on infected insect cells 
E Immunohistochemistry on retina sections 
' Aspecific reaction with coupling group 
' Reaction with hislidme-lagged recombinant pigment 
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3.3 Results 
Fourteen polyclonal antisera were produced by eliciting an immune response against 
oligopeptides representing cone pigment specific regions or peptides consisting of 
consecutive histidine residues. One antiserum was directed against purified chicken red 
cone pigment. Table 1 summarizes the results of the analysis of the produced antisera. 
Titers of all antisera were determined by ELISA on the antigen used for immunization. Of 
all the antisera tested, CERN906 displayed the highest titer. This can be explained by the 
fact that CERN906 was produced by immunization with a whole protein, whereas for the 
other sera oligopeptides were used. Titers below 500 generally represent a weak immune 
response and the involved antisera could only recognize the antigen on a western blot and 
failed to detect recombinant or native cone pigments. None of the antisera elicited against 
peptide blue or peptide red-green 1 were useful for analysis of cone pigments. These 
antisera will not be discussed further. Antisera CERN906, CERN954, CERN956, 
CERN9414 and CERN9416 have been characterized in more detail. Some examples of this 
characterization are presented below. 
Red-Green Cone Pigment Specific Antisera CERN906. CERN954 and CERN956 
Immunohistochemistry 
Semithin sections (5 μηι) from rhesus monkey (Macaca mulatta) retina were incubated 
with antisera CERN906 and CERN956. For comparison, monoclonal antibody COS-1, 
recognizing red-green cone pigments [1,3], was also used. As is shown in figure 3.1, panel 
A and B, antisera CERN906 and CERN956 recognize cone cell outer segments occurring 
regularly in the outer segment layer. Monoclonal antibody COS-1 recognizes the outer 
segments of photoreceptors with a similar distribution as CERN906 and CERN956. 
Figure 3.1 Monkey relina sections 
incubated with red-green cone pigment 
specific antisera CERN906 (panel A), 
CERN956 (panel B) and monoclonal 
antibody COS-1 (panel C). The antisera 
recognize cone outer segments, occurring 
regularly in the outer segment layer (OS). 
RPE Retina Pigment Epithelium, IS: inner 
segment layer-
î Î 
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Analysis of human, mouse, rat and chicken retinas gave the same pattern, be it that in 
chicken retina at least half of the outer segments are immunoreactive (not shown). Antisera 
CERN906 and CERN956 were also tested on retina sections of lower vertebrates 
(amphibians and reptiles) and were shown to react with several cone populations [Dr. D. 
Sherry. University of Houston. TX, USA, personal communication]. 
Western blot 
Retina extracts from various species were subjected to SDS-PAGE followed by 
electroblotting. The blots were probed with antisera CERN906, CERN954 or CERN956. 
As shown in figure 3.2, panel А, В and C, all antisera recognize proteins with an apparent 
molecular weight of approximately 35 kD. In the lane containing the Gecko gecko retina 
extract artificial dimers and trimers can be observed at 70 kD and 100 kD, respectively 
(also visible in the lane containing the chicken retina extract in panel A). On the blot 
probed with CERN906 some background reaction can be seen, which is absent on the blots 
probed with CERN954 and CERN956. This is probably caused by cross reactivity of 
CERN906 with rod opsin (arrow in panel A). In human and monkey retina, the ratio of 
red and green pigment to rod pigment is < 1:100. This explains the weak staining with the 
rod opsin band in these species. At higher dilution (1:>2000) of CERN906 the putative rod 
band is not stained anymore. 
98 
64 
50 
36 
30 
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Figure 3.2 lmmunoreactivity of polyclonal antisera CERN906 (panel A), CERN954 (panel B) and CERN956 
(panel C) on Western blots of retina extracts from various species, lane I: human (Homo sapiens), lane 2: 
Java monkey (Macaca fascicularis), lane 3: pigeon /Columba livia), lane 4: chicken (Gallus domesticus), 
lane 5: lizard (Gecko gecko). The antisera were diluted 1: WOO. The arrow head in panel A marks the cross 
reactivity of CERN906 with rod opsin. 
Figure 3.3 demonstrates the reactivity of antiserum CERN956 with the recombinant 
histidine-tagged human red and green cone pigments (construction described in chapter 5) 
expressed in baculovirus infected insect cells. Like on the blots in figure 3.1, the proteins 
recognized by CERN956 migrate with an apparent monomer molecular weight of 35 kD. 
The antiserum does not display detectable cross-reactivity with cellular proteins as judged 
by the minute staining in lane 1. 
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Figure 3.3 Immunoreactivity of CERN956 on recombinant human red and green cone pigments isolated 
from baculovirus infected insect cells. Lane 1: mock infected insect cells, lane 2: insect cells infected with the 
red cone pigment encoding baculovirus, lane 3: insect cells infected with the green cone pigment encoding 
baculovirus. The antiserum was diluted 1:1000 
Histidine tag-specific Antisera CERN9414 and CERN9416 
Western blot 
Insect cells were infected with recombinant baculoviruses encoding the histidine-tagged 
pigments: bovine rhodopsin, human red cone pigment and human green cone pigment. The 
6xHis tag on these pigments is located at the C-terminus. Protein samples of infected 
insect cells were separated by SDS-PAGE followed by immunoblotting. All three pigments 
were recognized bt CERN9414 as well as by CERN9416. Examples are given in figure 
3.4, panel A for bovine rhodopsin and panel В for the human cone pigments. 
Both antisera display slight cross-reactivity with endogenous (probably his-containing) 
cellular proteins (e.g. panel B, lane 1). 
m 
64 
Figure 3.4 Immunoblot detection of histidine-tagged visual pigments in recombinant baculovirus infected 
insect cells. Panel A: detection of bovine rhodopsin using antiserum CERN9414. Panel B: detection of 
human red (lane 2) and green (lane 3) cone pigment using antiserum CERN94I6. Lane 1: mock-infected 
insect cells. Both antisera were diluted 1 ¡000 
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Immunocytochemistry 
Insect cells grown on cover slips were infected with a recombinant baculovirus encoding 
the histidine-tagged human green cone pigment and incubated with antiserum CERN9416 
at 2 dpi. The histidine-tagged pigment was visualized by fluorescence microscopy. A clear 
positive signal was observed (figure 3.5), while mock-infected cells or cells expressing 
pigment without his-tag only gace background fluorescence (not shown). 
Figure 3.5 Immunofluorescent detection of histidine-tagged human green cone pigment in recombinant 
baculovirus infected insect cells at 2 dpi. The pigment was identified using antiserum CERN9416 (dilution 
1:500) and visualized using a fluorescent second antiserum. 
3.4 Discussion 
For the analysis of cone pigments expressed in baculovirus infected insect cells, specific 
antisera are an absolute requirement. This chapter describes the development of several 
cone pigment-specific and histidine tag-specific polyclonal antisera. Most of the antisera 
elicited against the oligopeptides peptide blue and peptide red-green 1 displayed low titers 
on ELISA and failed to recognize native or recombinant cone pigments. Of the other 
antisera, CERN906, CERN954 and CERN956 proved to be very suitable for the detection 
of red-green cone pigments. It is interesting to note that the combined peptide (red-green 
2) produces antisera which recognize the intact protein, while the short peptide (red-green 
1) does not. On the other hand, the antisera raised against red-green 1 do react with the 
RSA-red-green 2 antigen and vice versa. Apparently, the red-green 1 sequence (as well as 
the peptide blue sequence) is antigenic but the elicited antibodies only have low affinity 
for the intact protein. 
Immunohistochemistry on primate retina sections revealed that antisera CERN906 
and CERN956 recognize cone outer segments. The commonly used monoclonal antibody 
COS-1 [1,3], recognizes outer segments of photoreceptor cells with a similar distribution. 
Comparable results were obtained for a variety of other species, including lower 
vertebrates. Hence, we conclude that CERN906 and CERN956 are comparable to COS-1 
with respect to reactivity with red-green cone pigments. Since antiserum CERN954 
displays a similar reaction pattern on various vertebrate retina extracts on western blot as 
CERN906 and CERN956, we assume that these three antisera are equally applicable for 
immunological studies on cone pigments. These antisera also recognize recombinant cone 
pigments on western blot and on immunocytochemistry of infected insect cells. The 
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detection of these proteins in crude cell extracts demonstrates the sensitivity of the 
antisera. This allows a quick identification of positive recombinant baculoviruses, reducing 
the normally laborious purification process of these viruses. 
Detailed studies on the molecular mechanism of visual pigments can only be 
performed on purified samples. A simple and successful approach for obtaining these 
samples is histidine tagging followed by Immobilized Metal Affinity Chromatography 
(IMAC), which was developed for baculovirus mediated expressed bovine rhodopsin [11] 
We have developed two histidine tag-specific polyclonal antisera, one raised against an 
RSA-coupled hexa-His peptide, another raised against an RSA-coupled octa-His peptide, 
CERN9414 and CERN9416, respectively. These antisera recognize histidine-tagged 
proteins on western blot and in immunocytochemistry. 
In conclusion, the antisera described in this chapter are a valuable tool in the 
analysis of (recombinant) visual pigments They can be used in various biochemical 
techniques and can serve, for instance, to study biosynthesis, sub-cellular distribution and 
membrane translocation In addition, the combination of the N-terminal reactive antisera 
CERN954 or CERN956 together with one of the C-terminal histidine tag-specific antisera 
allows identification of full-length products upon m vitro expression of red/green cone 
pigments. 
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Chapter 4 
Towards Optimizing Baculovirus-mediated 
Expression of Cone Pigments 
4.1 Introduction 
Color vision is mediated by light sensitive pigments present in cone cells in the retina In 
order to study the molecular properties of these pigments two basic strategies can be 
followed A straightforward method is the isolation of cone pigments from the retina of 
organisms of interest Of course, this method can only be applied to retinas where cone 
cells are abundant, for example chicken [1,2] and Gecko gecko [3-5] In most higher 
vertebrates, however, the rod cells by far outnumber the cones, which makes isolation of 
cone pigments rather difficult Furthermore, in relatively cone-rich retinas often more than 
one type of cone pigment is present Similarity between these pigments makes multiple 
purification steps necessary, which are further hampered by the relative low stability of 
these membrane proteins in detergent solution As a second approach, functional 
expression of cone pigments in eukaryotic cells can be used Here, a high degree of 
homology between pigments of the same species is not a problem, since only one pigment 
is expressed Another advantage of functional expression is that mutants ot the protein of 
interest can be synthesized in the same way as the wild type protein On the other hand, 
low expression levels of recombinant proteins can be a serious disadvantage of eukaryotic 
expression systems However, prokaryotic expression systems, which usually produce more 
abundant levels of heterologous proteins, cannot be used as alternatives because of the 
complex nature of visual pigments requiring correct folding, membrane translocation and 
other post-translational modifications 
Recombinant cone pigments have already been expressed in mammalian cells [6-8] 
In these experiments the pigments display normal spectral sensitivities Molecular 
properties like photolytic behavior (identification of photo-intermediates) or signal 
transduction (G-protein interaction) have not been determined, because of low expression 
levels and the inability to purify and reconstitute the proteins in sufficient amounts 
In this chapter the potential of the baculovirus expression system for the synthesis 
of recombinant cone pigments is investigated This system was chosen because of its 
successful employment for the production of wild type and mutant recombinant bovine 
rhodopsin [9-11] Furthermore, for the purification of this recombinant protein various 
methods were developed such as Concanavahn A (ConA)-affimly chromatography and 
immobilized metal affinity chromatography (IMAC) [12,13] 
The studies reported in this chapter address three different approaches to optimize 
functional expression co-expression of a chaperone protein, tailoring of non-coding 
regions in the cDNA and the use of different promoters In part A, the expression of the 
human red cone pigment is described This pigment can be expressed in reasonable 
amounts Additionally, co-expression with bovine ctA-crystallin is investigated, in order to 
study possible effects of this chaperone on the level of functional protein 
Part В describes studies on the expression of the mouse blue cone pigment This 
pigment displays 85 % homology with the human blue cone pigment Immunological 
studies demonstrate that in the mouse retina two kinds of cone pigments occur the first 
type (called red/green cones) contains a visual pigment reactive with antibodies that 
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recognize the human red and green cone pigment, the second type (called blue cones) 
contains a pigment that reacts with antibodies also reactive with the human blue cone 
pigment [14] Through ERG analysis, spectral characteristics of the two murine cone 
pigments have been approximated One of these pigments absorbs maximally in the red-
green region of the spectrum, the other absorbs maximally in the ultra-violet (UV) region 
[15 16] Taken together, these observations lead to the suggestion that the cDNA encoding 
the so-called mouse blue cone pigment may code for an UV-sensitive pigment Expression 
of this protein and subsequent regeneration with the chromophore 11 -as retinal could give 
the first data concerning spectral properties of UV-sensitive pigments 
In part С the potential of the basic protein promoter (pBP) is compared with that of 
the polyhednn promoter (pPol) for the expression of visual pigments Although pPol-
dnven expression proves successful for many proteins, this approach has some drawbacks 
Despite the relative large amounts of heterologous protein that can be produced, in some 
cases only a minor fraction is functional or properly processed [17-20] We also observed 
this phenomenon with mutants of bovine rhodopsin [11], where only part of the 
recombinant protein could be regenerated with the chromophore 11 -cis retinal This is 
probably caused by the inability of the insect cells to perform extensive post-translational 
modifications after the onset of mass protein production in the very late phase of viral 
infection The use of the viral basic protein promoter, which is active at an earlier time 
post infection [21,22], has been shown to alleviate some of the problems encountered with 
pPol based expression, resulting in higher yields of functional protein [23-28] Although 
pBP is less strong than pPol. its onset of activity at 6-12 hpi will enhance the ability of the 
cells to correctly process heterologous proteins 
4.2 Materials and Methods 
Isolation and cloning of the human red (HR) cone pigment cDNA 
The cDNA encoding the human red cone pigment was isolated from a commercially 
available human retina cDNA library (Clontech) This library was amplified using standard 
protocols [29] An aliquot of 100 μΐ (lxlO10 pfu) was extracted with phenol/chloroform 
and 3 μΐ was used as a template for PCR using the following primers 5' 
ggggacagatcttttccatagcc 3' and 5* ggaaaggagatçtggccaaagc 3' These primers hybridize to 
nucleotides 473-495 and 1621-1642, respectively, according to the numbering by Nathans 
[30] The underlined nucleotides do not match with the original sequence, but serve to 
introduce a Bglll site, which facilitates cloning in the transfer vector pAcDZl 
Amplification reactions were carried out in 100 μΐ volume with the following composition 
3 μΐ template DNA, 0 3 μΜ primers, 0 2 гаМ dNTP's (Pharmacia), 2 5 mM MgCl,. 10 μΐ 
lOxPCR buffer (Promega) and 1 μΐ (5 U) Taq DNA Polymerase (Promega) The reaction 
mixtures were incubated in an Omnigene Thermal Cycler (Hybaid, Middlesex, England) 
using the protocol denaturalion at 95 °C for 3 min followed by 35 cycles of 95 °C for 45 
s, 58 °C for 60 s. 74 °C for 120 s and a final extension at 74 °C for 10 mm The amplifi­
cation products were extracted with phenol/chloroform and digested with Bglll After 
agarose gel-purification the fragments were hgated into pUC 19-11 (pUC19 with an extra 
Bglll restriction site [31]) The presence of the red cone pigment cDNA was confirmed by 
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restriction analysis and DNA sequencing (USB, Cleveland, Ohio, USA) The cDNA was 
then cloned into the BamHI site of pAcDZl and the Bglll site of pAcUW51 
Construction of transfer plasmids containing the mouse blue cone pigment cDNA 
Mouse Blue I (MBI) 
The mouse blue cone pigment cDNA was kindly provided by M Applebury (University of 
Chicago, USA) as a construct in pBS/SK The cDNA (1613 bp) was excised from the 
plasmid by digestion with EcoRV/Smal After ligation with Bglll linker DNA and 
digestion with Bglll the cDNA was ligated into the Bglll site of pUC19-II for sequence 
analysis Subsequently, the cDNA was excised with Bglll and ligated into the BamHI 
cloning site of the transfer vector pAcDZl resulting in the transfer plasmid pAcDZl-MBI 
(see figure 4 1) 
Mouse Blue II (MBU) 
The plasmid pUC19-MBI (10 ng) was used as a template in a PCR in order to shorten the 
5'leader and 3'trailer sequence of the MBI cDNA The following primers were used 
5'gtagtgaggagatctcaagcggga 3' (sense) and 5' gattctagtggagatçtagatacttaaa 3'(anti-sense) 
The underlined nucleotides are mismatches that serve to introduce a Bglll recognition site 
The hybridization sites of the primers are shown in figure 4 2 The reaction mixture 
contained 40 pmole of both primers, 0 2 mM dNTP's (Pharmacia), 10 μΐ lOxPCR buffer 
(Promega), 2 5 mM MgCl2 and 2 units Taq DNA polymerase (Promega) in a total volume 
of 100 μΐ Reactions were performed using the following protocol denaturation for 5 min 
at 95 °C. followed by 30 cycles of 95 °C for 45 s, 64 °C for 60 s. 74 °C for 60 s and a 
final extension for 10 mm at 74 °C Next, the shortened cDNA, MBU, was cloned into 
pUCI9-Il for restriction analysis and DNA sequencing and into BamHI digested pAcDZl, 
giving the transfer plasmid pAcDZl-MBII (see figure 4 1) 
Mouse Blue His (MBHis) 
A histidine-tagged version of the shortened MBU cDNA was created by PCR As a 
template 10 ng pBS/SK. MB was used The sense primer was the same as used for the 
PCR generating MBU The anti-sense primer was 5'tgtttgagatctgcagtcaalg-gtgatgglgatggt-
gagggccaactttgc 3' The underlined nucleotides constitute the histidme tag, the termination 
codon and an EcoRJ recognition site Reactions were performed in a volume of 100 μΐ and 
contained 40 pmole of both primers. 0 2 mM dNTP's (Pharmacia), 10 μΐ 10 χ PCR buffer 
(Stratagene) and 1 unit Pfu DNA polymerase (Stratagene) The reaction protocol was 5 
min denaturation at 94 °C, followed by 30 cycles of 45 s at 94 °C, 45 s at 45 °C and 60 s 
at 72 °C After digestion with Bglll the PCR product was ligated into pUC 19-11 for DNA 
sequence analysis and into Bglll digested pVL1393, giving transfer plasmid pVL1393-
MBHis (see figure 4 1 ) 
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pBS/SK MBI 
EcoRV/Smal digest 
BglII linker DNA 
Ligation into pUC19II 
PCR creation His-tag 
Bglll digest 
Ligation into pUC19II 
pUC19II-MBI 
PCR shorten cDNA 
Bglll digest 
Ligation into pUC19II 
pUC19II-MB-His 
PUC19II-MBII I 
Bglll digest Bglll digest I 
Ligation into p A c D Z l „ / V ^ ^ Bg Ligation into pVL1393 
Bglll digest 
Ligation into pAcDZl 
p A c D Z l - M B I 
. h 
lac Ζ 
pAcDZl-MBII 
I Ρ 
lac Ζ ™- ! 
pVL1393-MB-His 
Figure 4.1 Construction of transfer plasmids containing the mouse blue cone pigment cDNA Details are 
described in the Materials and Methods section. Abbreviations for restriction sites are: E. EcoRV; S, Smal;. 
Bg, Bglll. The arrows in the transfer plasmids represent promoter regions. Transcription oj the mouse blue 
cone pigment cDNA is controlled by the polyhedrin promoter (p), transcription of the lacZ reporter gene tin 
pAcDZl-derived plasmids) is under control of the Drosophila hsp^O promoter (h). 
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accggaggtggtagtgagggcITcccaagcgggagatgtcaggagaggatgacttttacc 
tgtttcagaatatctcttcggtggggccctgggatgggcctcagtaccaccttgctcctg 
tctgggccttccgcctccaggcagccttcatgggatttgtcttctttgtggggaccccac 
tcaatgccatagtgctggtggccacactgcattacaaaaagttgcgacagcccctcaact 
atattctggtcaatgtatccctcgggggcttcctcttctgcatcttctctgtcttcacag 
tcttcatcgccagctgtcacggatacttcctctttggtcgccatgtttgtgctctggagg 
ccttcttgggctctgtagcaggtctagtgacaggatggtcattggctttcctggcttttg 
aacgctacgttgtcatctgtaaacccttcggcagcatccgcttcaactccaagcatgcac 
tgatggtggtcctggctacttggattattggtatcggggtgtccatcccacccttttttg 
gctggagcaggttcatccctgagggcctgcagtgctcctgtggcccagactggtacactg 
tgggcaccaagtatcgaagcgagtactacacctggttcctcttcatcttctgtttcatca 
ttcctctttccctcatctgcttctcctactcccagttgctgaggactctcagagctgtgg 
cagctcagcagcaagagtctgctacgacacaaaaggctgaacgggaggtgagtcatatgg 
tggtggtgatggtgggatccttctgtctctgctacgtgccctatgctgccctggccatgt 
acatggtcaacaatcggaaccacgggctggacttacggcttgtcaccatccccgccttet 
tttccaagagctcctgtgtctacaaccccatcatctactgcttcatgaataagcagttcc 
gggcttgcattctggagatggtgtgcaggaagcccatggcagacgaatctgacgtgtctg 
gctctcagaaaacagaagtttctactgtctcttctagcaaagttggccctcactgaggcc 
cctcagctggcctgctagcagcaaacacaacgccacatttaagtatctacatctccacta 
gaatcctaaccattaacaggggaaagatggggagtggtggcactctggtgagtcaccttc 
attttcctgttactctctgcctgtagcagggccacatggaccattttaacagtcacagtt 
tctaagtggcactctcacctctggagaactgtgagagaagggctgcctttctggtgtatg 
ggtaacacttccttttttgctctttttttttttttttctcctcctgctgggatctgagat 
gatatatccagtattagaataagcttggcatggggcagtgcaagaaaaggcagcagacac 
cgggcacctgcagtgaatcgaagagcttccttatgtggcctctcccagttgctgcagtct 
gggctatggctgccaccatcagaatggcctcacctcatttatctgacacagagttattct 
aggtgttctccccttcatttggctaaatgtatccatttaaagctatgcgttcg* 
Figure 4 2 Nucleotide sequence of the mouse blue cone pigment cDNA (provided by M Applebury. Chicago, 
USA) The initiation codon and termination codon are printed in bold face The hybridization sues for the 
primers used for shortening the cDNA and construction of the hislidme tag are indicated by a line above the 
sequence, mismatches are indicated by a v/aw line 
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Cloning of bovine rhodopsin cDNA 
The cDNA encoding bovine rhodopsin was excised from pAcDZl-ops [12] by BamHI 
digestion and ligated into the BamHI site of рАсМРЗ. 
Cloning of bovine aA-Crystallin cDNA 
The cDNA encoding bovine aA crystallin (aA) was provided by Prof.Dr. W. de Jong 
(Department of Biochemistry, University of Nijmegen) in pSVK3 (blunt end ligation in 
Smal site; figure 4.3). The plasmid pSVK3-aA was digested with Kpnl (cut at 5' end of 
the cDNA) and blunt ends were created with T4 DNA polymerase [29]. After 
dephosphorylation, BamHI linker DNA was ligated into the blunt-ended Kpnl site, so that 
the aA cDNA could then be excised from the plasmid by BamHI digestion. Next, the aA 
cDNA was ligated into BamHI digested pAcUW51 and рАсМРЗ. 
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Figure 4.3 Construction of a BamHI restriction site at the 5' end of the aA cDNA in pSVK3. allowing 
ligation into transfer vectors рАсМРЗ and pAcUWSl Restriction sites are indicated by arrows. К Kpnl. S' 
Smal (destroyed after ligation of aA cDNA into pSVK3), B: BamHI 
Cloning of Histidine-tagged Human Green Cone Pigment 
Construction of the histidine-tagged human green cone pigment (HGH) cDNA is described 
in chapter 5. The cDNA was cloned into EcoRI digested pVL1393 and рАсМРЗ. 
Table I. Overview of transfer vectors, cDNA 's and promoters described in this chapter 
Transfer Vector 
pAcDZI 
pAcDZI 
pAcDZI 
pAcDZI 
pAcDZI 
pAcUW51 
pAcUW51 
pAcUW51 
pVL1393 
рАсМРЗ 
рАсМРЗ 
рАсМРЗ 
cDNA 
HR 
MBI 
MBH 
MBHis 
ops 
HR 
σΑ(1), HR(2) 
aA 
HGH 
ops 
HGH 
σΑ 
Promoter 
pPol 
pPol 
pPol 
pPol 
pPol 
pP10 
pPol(1), pP10(2) 
pPol 
pPol 
pBP 
pBP 
pBP 
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Generation of Recombinant Baculovirus and Cell Culture 
The transfer plasmids pAcDZl-MBI, pAcDZl-MBIIand pAcDZl-ops were cotransfected 
with wild type baculovirus DNA Al other transfer plasmids were cotransfected with 
BaculoGold™ DNA as described in Chapter 2 Recombinant viruses were isolated by one 
or more plaque assays Cell culture and viral infections were also carried out as described 
in Chapter 2 
Regeneration 
The infected insect cells were harvested by centnfugation (5 min, lOOOxg) and 
resuspended in 3 times diluted buffer R (50x106 cells/ml) (Buffer R. 20 mM PIPES, 140 
mM NaCl, 20 % glycerol, 2 μΜ leupeptin, pH 6 6) The suspension was then 
homogenized by five strokes in a Potter-Elvehjem tube After centnfugation (10 min, 
20,000xg) the pellet was resuspended in buffer R (lOOxlO6 cells/ml) Addition of W-cis 
retinal and all subsequent manipulations were performed in the dark or under dim red light 
(Schot-Jena 650 run filter) at room temperature The visual pigments were regenerated 
with W-cis retinal (20 nmoles/lOOxlO6 cells, in 10 μΐ DMF, final concentration 20 μΜ) 
and incubated under argon for at least one hour Solubilization of the pigments was 
performed by the addition of CHAPS (Sigma, St Louis, MO, USA) to a final 
concentration of 1 % (w/v) After one hour the suspension was centnfuged (30 min 
I OO.OOOxg) The clear supernatant was used for spectral analysis 
Confocal Laser Scan Microscopy and Conventional Immunofluorescence 
Sf9 cells were grown on cover slips to confluency and subsequently infected with the 
recombinant baculovirus (MOI=l-5) At 2 dpi the cells were washed twice with PBS and 
fixated in 1 % paraformaldehyde in phosphate buffer pH 7 4 for one hour at room 
temperature The cells were permeabilized in methanol at -20 °C for 5 min after which 
they were allowed to dry Next, aspecific binding sites were blocked by incubation with 
blocking buffer (PBS, 0 05 % (v/v) Tween-20 (Serva), 1 % (w/v) gelatin, 2 % (v/v) FCS) 
for 30 min, followed by washing with washing buffer (blocking buffer without gelatin and 
FCS) The cells were then incubated with the primary antibody (CERN956) in blocking 
buffer for 30-60 min After washing twice the rhodamine-conjugated secondary antibody 
(SAR-TRITC, Dako Immunoglobulins, 1 50 in blocking buffer) was added and incubated 
for 30 min at RT The samples were then rinsed three times, followed by a short wash 
with distilled water Next, the cells were dehydrated in methanol, dried and mounted in 10 
% Mowiol (Hoechst), 2 5 % (w/v) NaN„ 25 % (v/v) glycerol in 0 1 M Tns/HCl, pH 8 5 
Confocal laser scan microscopy was performed on a BioRad MRC 1000 confocal 
microscope Images were averaged over 5 scans For conventional immunofluorescence an 
Olympus BH2 microscope was used 
SDS Polyacrylamide Gel Electrophoresis and Immunoblotttng 
The baculovirus infected insect cells were harvested by centnfugation (5 min, lOOOxg) 
The pellets were resuspended in water (50 μ1/106 cells) and subjected to two freeze-thaw 
cycles followed by DNase treatment (2 μg/106 cells, 15 min, RT) Proteins were separated 
by electrophoresis on a 12 % SDS-polyacrylamide gel [32] (BioRad, Mini Protean II) 
After electrophoresis the proteins were transferred to nitrocellulose (Schleicher and Schuell 
BA 85, pore size 0 45 μπι) by electroblotting (mini Trans-blot, Bio-Rad) for one hour at 
100 V The blots were blocked in 4 % BS A in PBS for one hour followed by incubation 
with the first antibody (1 500 in PBS. 16 hours, RT) After rinsing twice with PBS the 
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second antibody (SAR Ig, Dako Immunoglobulins. 1 300 in PBS) was added and 
incubated for one hour at RT The blots were then rinsed twice with PBS and incubated 
with the third antibody (PAPr Ig, Dako Immunoglobulins, 1 500 in PBS) for one hour 
followed by a double rinse with PBS For detection the substrate 4-chloro-1-naphtol 
(Merck, 0 3% w/v in PBS containing 16 5% v/v methanol and 0 02% H20\) was used The 
blots were stained for maximally 10 min, washed in distilled water and dried 
Time-course Evaluation of аЛ and HGH Production 
These experiments were done in 250 ml spinner flasks (Bélico), in a volume of 100 ml 
Sf9 cells were grown to a density of 1 106 cells/ml and infected with pPol or pBP based 
viruses encoding HGH or α A with an MOI of 5 Two ml samples were taken at 0, 1,2,3 
and 4 dpi The cells were counted and centnfuged The pellet was stored at -20 °C for 
analysis by SDS-PAGE and immunoblotting 
UV-Vis Spectroscopy 
Absorption spectra were recorded on samples obtained after extraction of the pigments 
using a Perkin Elmer Lambda 15 spectrophotometer The samples were kept in an optical 
cell (volume 600 μΐ, width 4 mm, path length 1 cm) at a temperature of 10 °C using a 
thermostatted cell holder Difference spectra were determined from samples before and 
after illumination in the presence of 20 mM hydroxylamine The samples were illuminated 
for 3 mm using a 75 W light bulb and a 450 run cut-off filter The spectra were analyzed 
using Spectra Cale (Galactic Industries Corp) software 
RNA Isolation, Dot Blot and Northern Blot 
Total RNA for dot blot analysis was isolated from infected insect cells at 3 dpi using 
RNAzol™ (Cinna/Biotecx Laboratories, Ine , Houston. TX, USA) Ten μg total RNA was 
applied to Hybond N+ (Amersham) Hybridization and washing of the blot were 
performed according to the manufacturers protocol For Northern blot analysis of MB 
constructs total RNA was extracted at 3 dpi as described by Auffray and Rougeon [33] 
The RNA (10 μg) was separated by electrophoresis on a 1 2 % agarose gel (containing 3 
% (v/v) formaldehyde) and transferred to Hybond N+ by capillary blotting Hybridization 
and washing were performed at 65 °C The MB and ops probes were labeled with 32P by 
nick translation [29] For Northern blots in the promoter analysis, total RNA was extracted 
from infected insect cells at 3 dpi using RNeasy Total RNA Kit (Qiagen) Fifteen μg total 
RNA was separated on a 1 5 % agarose gel (containing 3 % formaldehyde) and transferred 
to Hybond N+ by capillary blotting The blots were probed with " P labeled [34] HGH or 
ops cDNA After extensive washing the same blots were reprobed with a 32P labeled DNA 
probe from 28 S rRNA All hybridizations were performed overnight at 65 °C 
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4.3 Results 
Part A: Cloning and Expression of the Human Red Cone Pigment 
Isolation and cloning of the cDNA 
The cDNA encoding the human red cone pigment was isolated from a retina cDNA library 
by PCR. The amplified fragment was approximately 1200 bp in length. Sequence analysis 
revealed one nucleotide substitution (nt 1232 С—>T, АТС —> ATT, silent mutation) when 
compared to the sequence published by Nathans [30]. The amino acid present at position 
180 (polymorphic in the red cone pigment. Ser/Ala [7]) was alanine. The cDNA was 
cloned into the transfer plasmid pAcDZl under transcriptional control of the very late 
polyhedrin promoter. 
Expression and Targeting of the Red Cone Pigment 
The recombinant baculovirus encoding the human red cone pigment was used to infect Sf9 
cell cultures (MOI=5). The infected cells were harvested 3 dpi and the products were 
separated by SDS Polyacrylamide gel electrophoresis followed by immunoblotting. The 
blots were incubated with the polyclonal antibody CERN956 (anti red-green). As 
demonstrated in figure 4.4 the baculovirus infected insect cells clearly express the human 
red cone pigment as judged by the protein band at approximately 35 kD (lane 2). The faint 
band at about 33 kD may represent a non-glycosylated form of the red pigment. This 
phenomenon is also observed in the expression of recombinant bovine rhodopsin [11]. The 
band appearing at molecular weights of approximately 70 kD and 100 kD represent the 
dimer and trimer of the red cone protein, respectively, and are artifacts of the PAGE 
analysis. 
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Figure 4 4 Immunoblol analysis of recombinant human red cone pigment ¡n baculovirus infected insect cells 
Lane I Mock infected insect cells, lane 2 insect cells infected with the baculovirus encoding the human red 
cone pigment. The blot was probed with antibody CERN956, I 500. 
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The intracellular distribution of the red cone pigment in Sf9 cells was analyzed by 
immunofluorescence. Sf9 cells were grown on coverslips and infected with the 
recombinant baculovirus. Figure 4.5 demonstrates the presence of the cone protein in the 
insect cells. The infected insect cells show a clear fluorescent signal. (Not-infected insect 
cells showed a minor background fluorescence; not shown). The sub-cellular localization 
of the recombinant protein was analyzed by confocal laser scan microscopy (panel B). 
These studies demonstrate that at 2 dpi the red cone pigment is mainly present in 
membrane-like structures in the cytoplasm (endoplasmic reticulum, Golgi network or other 
intra-cellular vesicles). There is also some indication for the presence of the protein in or 
near the plasma membrane. 
А В 
Figure 4.5 Immunofluorescent detection of the human red cone pigment in insect cells. Panel A: 
conventional immunofluorescence analysis of recombinant baculovirus infected insect cells. Panel В confocal 
laser scan analysis of recombinant baculovirus infected insect cells. The cells were analyzed 2 dpi. The 
pigment was identified by antiserum CERN956. 
UV- Vis Spectroscopy 
The human red cone pigment was expressed in insect cells, regenerated with 11 -cis retinal 
and solubilized with CHAPS. The solubilized pigment was analyzed by UV-Vis 
spectroscopy and a difference spectrum was recorded (figure 4.6). The wavelength of 
maximal absorption ^max) was 555 ± 1 nm. This value was determined by fitting the 
long-wavelength limb of the spectrum to a template for vitamin Al-based visual pigments, 
constructed by Partridge and De Grip [35]. In various difference spectra of the red 
pigment the ratio of the positive pigment absorbance to the negative peak representing the 
retinal oxime is approximately 1:1. This is similar to bovine rhodopsin. Therefore, the 
molar amount of the expressed pigment was calculated assuming that the molar absorbance 
coefficient of this pigment is similar to that of bovine rhodopsin (40400). Based on this 
value, the yield of the red photopigment in these expression studies was 4.5 ± 1 pmol/106 
cells (n=6), corresponding to 2.5-3 million copies of functional pigment per insect cell. 
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Figure 4.6 Typical difference absorbance spectrum of the regenerated human red cone pigment obtained by 
subtracting the spectrum after illumination from that before illumination, in the presence of 20 mM 
hydroxylamine. The positive band centered at 555 nm represents the main absorbance band of the pigment 
The negative band at 365 nm represents the retinaloxime produced upon illumination. 
The expression level of the red pigment (4.5 moI/lO6 cells) is approximately 5 times lower 
than that of bovine rhodopsin under comparable conditions [12] (e.g. both polyhedrin 
promoter). However, comparison of immunoblot signals (total pigment protein production) 
of cone pigments with those of rhodopsin, do not confirm the difference in the level of 
functional pigment. These observations, together with the indication that non-glycosylated 
cone protein is produced (which will not regenerate into a photosensitive pigment), suggest 
that a considerable amount of the recombinant cone pigment protein is not functional. We 
have addressed two approaches to increase the level of functional pigment: the use of 
another viral promoter (described in part С of this chapter) and stabilization of the pigment 
protein by a molecular chaperone. 
Co-expression with aA-Crystallin 
aA- and aB-crystallin have recently been identified in frog retinal photoreceptor cells 
[36]. These crystallins are co-localized with newly synthesized rhodopsin in transport 
vesicles, which may participate in photoreceptor outer segment membrane renewal. Since 
crystallins are members of the small heat shock protein family [37,38], it is conceivable 
that these molecules play a role in visual pigment stabilization. This could be a novel 
approach to increase the level of functional visual pigment produced in in vitro systems. In 
order to study this, bovine ocA-crystallin was co-expressed with the human red cone 
pigment using the transfer vector pAcUW51. In the resulting recombinant virus, both 
cDNA's are situated in the polyhedrin locus, but αΑ-crystallin transcription was regulated 
by the polyhedrin promoter, while transcription of the human red pigment was under 
control of the plO promoter (figure 4.7). 
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Figure -I 7 Co-expression of aA-crystallm and human red cone pigment Panel A schematic representation 
of the transfer vector construct used for co-expression Panel В and С immunoblot analysis of insect cells 
infected with a recombinant virus encoding both aA-crystallm and the human red cone pigment The blot m 
panel В was probed with CERS956 (1 500) the blot in panel С was probed with ana aA-crystallm (I 2000) 
Both viral promoters are active in the very late phase (>18 hpi) of viral infection Cell 
cultures with an equal amount of cells were infected with identical MOI with either a 
recombinant virus encoding both αΑ-crystallin and the human red pigment or a 
recombinant virus encoding only the human red pigment Both viruses were obtained with 
pAcUW51 with HR under control of the PIO promoter Expression of both proteins was 
verified by immunoblot analysis (figure 4 7), and strong expression of aA-crystallin was 
observed Expression levels of functional cone pigment were determined by analysis of 
difference spectra obtained after regeneration with the chromophore Surprisingly, the level 
of functional red cone pigment was not significantly influenced by co-expression with 
bovine αΑ-crystallin Co-expression resulted in a level of 3 3 ± 0 2 pmol/106 cells, 
whereas expression without aA-crystallin yielded 3 1 ± 0 1 pmol/106 cells 
Part В Cloning and Expression of the Mouse Blue Cone Pigment 
Cloning and Iramcription of Mouse Blue I ¡I and Mouse Blue-His 
The mouse blue cone pigment cDNA was provided as a construct in pBS/SK The cDNA 
contained a 5" leader sequence of 35 nt and a 3' trailer sequence of 537 nt After ligation 
ot Bglll linkers this form of the cDNA was designated Mouse Blue I (MBI) In initial 
studies using a recombinant baculovirus with the MBI cDNA under transcriptional control 
of the polyhedrin promoter, no recombinant protein could be detected on immunoblot or m 
immunofluorescence studies (not shown) This negative result could be due to two causes 
either the protein was not expressed (defect in trancnption or translation) or the antibody 
used for immunoblot analysis and immunofluorescence (CERN933, raised against a peptide 
corresponding to the N-terminal region of the human and mouse blue cone pigment) did 
not recognize the protein Dot-blot analysis suggests that no stable mRNA is produced 
(figure 4 8, panel A) The length of the 5' untranslated region has been shown to have an 
effect on the expression of heterologous cDNA's in the baculovirus expression system 
[39] In MBI the 5' leader sequence consisted of 35 nt already present in the cDNA plus 
18 nt originating from the multiclomng site in pBS/SK and the Bglll linker We therefore 
pAcUWM 
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decided to shorten the 5' leader sequence by PCR. After Bglll digestion of the amplified 
fragment a leader sequence of 15 nt was created. Simultaneously, the 3' untranslated 
sequence was shortened to 53 nucleotides. This form of the cDNA was designated Mouse 
Blue II (MBU). On an RNA dot-blot, probed with a labeled MB cDNA probe, insect cells 
infected with MBU encoding recombinant virus showed a strong signal, in contrast to MBI 
recombinant virus infected insect cells (figure 4.8, panel A). Further analysis of the 
putative MBU transcript was performed by a Northern blot. Since recombinant bovine 
rhodopsin is expressed in relative large quantities in the baculovirus system and its cDNA 
is of the same length as that of MBU, we used a recombinant virus encoding bovine 
rhodopsin as a control As is shown in figure 4.8 (panel В and C), MBU recombinant 
baculovirus infected insect cells show a transcript with similar molecular weight as insect 
cells infected with a baculovirus encoding bovine rhodopsin. Together with the dot-blot 
analysis, this indicates that shortening of the 5' leader sequence indeed dramatically 
improves transcription of the cDNA. However, no conclusions can be drawn with respect 
to the translation of the MBU messenger RNA since the MBU protein could not be 
detected on immunoblot probed with antibody CERN933 (not shown). 
Figure 4 S RNA analys is of insect cells infected with various baculoviruses 
Panel A RNA dot-blot, lane I Mock infected insecl cells, lane 2 wild type baculovirus infected insect cells 
lane 3 insect cells infected with recombinant baculovirus with no cDNA downstream of the polyhednn 
promoter, lane 4 MBI recombinant virus infected insect cells, lane 5 MBU recombinant virus infected insect 
cells Panel В and С Northern blot, lane I Mock infected insect cells, lane 2 insect cells infected with 
recombinant virus with no cDNA downstream of the polyhednn promoter, lane 3 insect cells infected with 
bovine rhodopsin encoding cDNA lane 4 MBU recombinant virus infect insect cells 
Blots A and В were hybridized with a 1:P-labeled mouse blue cDNA probe, for hybridization of blot С a ':P 
labeled bovine rhodopsin cDNA probe was used 
In order to ascertain that the expressed protein can be visualized on an immunoblot 
(essential for evaluating future purification studies) we constructed a histidine-tagged 
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version of the mouse blue cDNA (see figure 4.1). If this cDNA is expressed, the protein 
can be visualized on an immunoblot using the antibodies CERN9414 or CERN9416 (see 
chapter 3). The MB-His cDNA contains 5 extra histidine codons at its 3' end (the С 
terminal amino acid residue in the wild type mouse blue sequence is histidine; in order to 
construct a 6xHis-tag only 5 histidine residues have to be added). Moreover, histidine-
tagging should allow a simple and effective purification of the mouse blue cone pigment, 
in analogy to the bovine rod pigment [13]. This purification will be necessary because the 
Xmax for this pigment is expected to be around 380 nm [15,16] and in a difference 
spectrum the absorption peak will be hardly visible because of the release of retinal after 
illumination. The way to spectrally identify the pigment will be to record a "dark" 
spectrum, which will only be possible after extensive purification. The histidine-tagged 
version of the mouse blue pigment was constructed by PCR. This resulted in the same 5' 
leader sequence as the MBII cDNA and an additional five histidine codons at the 3' end. 
Expression and targeting of MB-His 
Sf9 cells were infected with the recombinant baculovirus encoding the MB-His pigment. 
After three days cells were harvested and the proteins were separated by SDS-PAGE 
followed by immunoblotting. The blots were incubated with the antibody CERN9416. In 
figure 4.9 the recombinant MB-His protein is clearly visible as a band at approximately 33 
kD (lane 4). The artificial dimer runs as a band at 62 kD. The subcellular localization of 
MB-His was analyzed by confocal laser scan microscopy (panel B). This study revealed 
that at 2 dpi the protein was located primarily in the cytoplasm. 
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Figure 4.9 Analysis of the expression of the mouse blue cone pigment. Panel A: Immunoblot analysis of 
insect cells infected with recombinant baculoviruses encoding MBI (lane 2), MBU (lane 3) and MB-His (lane 
4). Mock infected insect cell are shown in lane I. The blot was probed with antibody CERN94I6, 
recognizing histidine-tagged proteins Panel B: confocal laser scan recording of an insect cell infected with 
the recombinant baculovirus encoding MB-His The protein was identified with antibody CERN94I6 
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Part С: Promoter Influence on the Baculovirus-mediated Expression of Visual Pigments 
This part descibes studies on the use of the viral basic protein promoter (pBP) in order to 
increase the level of functional pigment. Expression of visual pigments under 
transcriptional control of pBP is compared to that under control of the generally used 
polyhedrin promoter (pPol). The visual pigment cDNA's used in this part of the study 
encode the histidine-tagged human green cone pigment (HGH; construction described in 
chapter 5) and bovine rhodopsin (ops) [12]. The cDNA encoding bovine αΑ-crystallin is 
used as a control. 
Expression of HGH, ops and aA crystallin 
Sf9 cells were infected with an equal MOI with recombinant viruses encoding bovine 
rhodopsin (ops) and the (histidine-tagged) human green cone pigment (HGH) under 
transcriptional control of the polyhedrin promoter and the basic protein promoter. At 3 dpi 
the cells were harvested and proteins were separated by SDS-PAGE and visualized on an 
immunoblot. As is shown in figure 4.10 both visual pigment proteins can be detected in 
the insect cells infected with pPol based recombinant viruses. Expression under 
transcriptional control of pPIO gave similar results (not shown). On the other hand, the 
insect cells infected with pBP based viruses show no sign of expression of HGH or ops. In 
order to verify the activity of pBP we constructed a recombinant virus encoding bovine 
aA crystallin (a soluble protein) under transcriptional control of pBP. For comparison, a 
pPol-based virus encoding aA was also constructed. Both viruses clearly yielded 
production of recombinant aA (figure 4.10, panel C). 
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Figure 4 10 Immunoblot analysis of insect cells injected with pPol and pBP based recombinant viruses 
encoding HGH (panel A), ops (panel B) and aA /panel C) The extract of 100.000 cells was applied to each 
lane N negative control (mock infected ¡meet celisi, Ρ pPol based virus infected insect cell·,: В pBP based 
virus injected insect cells The blot m panel A is probed with antibody· CERN956 (ami red-green), the blot in 
panel В with CERNS58 (ami rhodopsin) and the blot in panel С with anti aA The upper bands /filled 
arrow) represent glycosylated protein, the lower bands (open arrow) represent поп-glycosylated protein 
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Time-course evaluation of HGH and aA production 
Since the basic protein promoter is active earlier after infection than the polyhedrin 
promoter we performed a time-course experiment to evaluate if pBP-based HGH 
production was detectable early after infection. We compared this to similar early 
experiments with aA. As is shown in figure 4.11, aA is detectable at 1 dpi in insect cells 
infected with pPol- as well as with pBP-based viruses. Thereafter levels do not 
substantially increase with pBP, while under pPol control a continuous increase up to 4 dpi 
is observable. HGH can be detected from 2 dpi only after infection with a pPol-based 
recombinant virus. Equivalent to aA, pPol-based expression of HGH appears to increase 
up to 4 dpi. In the insect cells infected with a virus encoding HGH under transcriptional 
control of pBP no recombinant protein is detectable at any time after infection. 
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Figure 4 11 lmmunoblot analysis of time-course experiments for evaluating the onset of aA (panel A) and 
HGH (panel B) production under transcriptional control ofpBP or pPol Samples were taken 0. I. 2, 3, and 
4 dpi and analyzed (50,000 cells per lane) Blots were probed with anti aA (I 2000. panel A) or CERN956 
(I 1000, panel B) 
Transcription of HGH and ops 
In order to investigate if the cause of the difference in visual pigment expression between 
pPol and pBP was at a transcriptional or a translational level we isolated total RNA from 
infected insect cells at 3 dpi. Northern blot analysis of total RNA (figure 4.12) revealed 
that for HGH and ops a transcript can be detected in the insect cells infected with a pPol-
based virus. In insect cells infected with pBP-based viruses no transcript was detectable. 
The same blots, when rehybridized with a probe derived from 28S rRNA showed that the 
differences in the level of transcripts cannot be attributed to variation in the amount of 
RNA applied to each lane. 
In lane 2 of panel A and В a lighter spot can be seen just below the signal from 
the mRNA where background hybridization of the labeled probes is less intense. This spot 
represents the 18S and 28S rRNA from the insect cells. These ribosomal RNA molecules 
comigrate because of a hidden break in the 28 S rRNA found in all insects. Under 
denaturing conditions, this hidden break leads to dissociation of the 28S rRNA into two 
equally-sized subunits [40]. 
poi 
62 
HC. H 
Figure 4.12 Northern blot analysis of total RNA extracted from insect cells at 3 dpi The cells were infected 
with viruses encoding HGH (panel A) and ops (panel B) employing pPol in lane 2 and pBP in lane 3. Lane 
1 represents mock-infected insect cells. Blots were probed with "P labeled HGH and ops cDNA, respectively. 
Hybridization with a "P-labeled DNA probe from 28 S rRNA served as a normalizing control (panel С and 
D) 
4.4 Discussion 
Cone pigments constitute a group of proteins of which little is known with respect to their 
structural and biochemical properties. This is in strong contrast to the rod pigment 
rhodopsin. This protein can be easily isolated in large quantities from bovine retinas and 
consequently, much is known about its molecular working mechanism. Because of the low 
abundance in mammalian retinas functional expression of recombinant cone pigments 
offers a potential way to investigate these proteins in more detail. So far, expression 
studies have been performed in mammalian cells and provided information concerning 
some spectral properties [6-8]. In this chapter, we demonstrate that the baculoviras system 
is also suitable for the synthesis of recombinant cone proteins. With this expression system 
we expect to produce larger quantities of recombinant proteins in order to perform 
purification and subsequent analysis. 
In part A we show that infection of insect cells with a recombinant virus containing the 
cDNA encoding the human red cone pigment clearly resulted in an immunologically 
detectable protein. On a immunoblot a band at 35 kD can be identified, corresponding to 
the monomer form of the protein. Immunofluorescence studies demonstrate the presence of 
the recombinant red cone protein in membranous structures in the cytoplasm of the insect 
cells. The majority of the red cone protein is, however, not (yet) targeted to the plasma 
membrane, perhaps caused by the (relative early) time point of confocal analysis (i.e. 2 
dpi). Nevertheless, this does not inhibit the regeneration capacity of at least part of the 
protein, since it produces a photosensitive pigment after addition of 11-CIS retinal. The 
λπΜχ of the red cone pigment (Ala-180) found in this system was 555 nm. This is in good 
agreement with other in vitro expression studies (552 nm [7], 556 nm [41]) and with 
OPS 
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psychophysical analysis (561 nm [42]) and microspectrophotometry (555 nm [43], 554 nm 
[44]) 
Several observations led to the suggestion that part of the total amount of recombinant 
protein is not functional In an attempt to increase the amount of functional pigment, 
bovine αΑ-crystallin was co-expressed with the human red cone pigment Remarkably, co-
expression did not increase the level of pigment production, determined by analysis of 
difference spectra A possible explanation for this fact is that for stabilizing visual 
pigments (and chaperone-hke activity in general) perhaps both aA- and aB-crystallin are 
needed In frog retinal cells both crystallins are associated with newly synthesized 
rhodopsin [36], and the absence of one of the subumts may abolish chaperone-hke activity 
This issue may be further investigated by co-expressing both crystallins with a visual 
pigment The temperature dependent chaperone-hke activity of a-crystallin [45], may also 
affect its protective ability Protein stabilization by α-crystallin is significantly enhanced at 
temperatures above 30 °C [45] Although apparently easy to test, baculovirus-mediated 
expression at higher temperatures will be subject to several problems First of all, since the 
insect cells normally grow at 27 °C, temperature elevation will dramatically affect cell 
viability and impair protein biosynthesis Second, higher temperatures will enhance the 
aggregation tendency of cone opsins and decrease their functional activity On the other 
hand, it may also indicate that despite co-localization in photoreceptor cells, a-crystallin 
does not act as a molecular chaperone for rhodopsin Nevertheless, a (small) protective 
effect of αΑ-crystallin can not be ruled out If the total amount of cone opsin production 
is decreased because of the large amount of αΑ-crystallin that is synthesized in the cell, a 
chaperone-like effect of αΑ-crystallin may compensate this Accurate measurement of this, 
however, is only possible when the total amount of cone opsin can be quantitated, for 
example by ELISA Unfortunately, this can only be done when highly purified red cone 
pigment is available 
Recently chaperone-hke activity of immunoglobulin heavy chain binding protein 
BiP) and protein disulfide isomerase (PDI) has been demonstrated in baculovirus-mediated 
expression of immunoglobulins [46,47] Perhaps these chaperones are suitable alternatives 
in co-expression studies with recombinant cone pigments 
The second cone pigment cDNA, described in part В of this chapter, was isolated from a 
mouse retina cDNA library (M Applebury, personal communication) Since the deduced 
amino acid sequence of this cDNA displays a high (85%) homology with the human blue 
cone pigment, it was termed the mouse blue (MB) cDNA This amino acid sequence 
revealed several characteristics common to other visual pigments like seven putative 
transmembrane domains and a lysine residue in the seventh domain that could serve as the 
chromophore attachment site Analysis by electroretinography has shown that the mouse 
retina is sensitive to UV light [15,16] Furthermore, the region in the mouse retina where 
cone cells reside that are reactive with anti-blue pigment antibodies is more sensitive to 
UV light than other parts of the retina [48] Therefore, the MB cDNA most likely encodes 
a UV-sensitive pigment with an expected Xmax in the region of 360-380 nm 
Baculovirus-mediated expression of the MB cDNA is strongly influenced by the 
length of the 5' and 3' untranslated regions In the MBI cDNA the 5* leader sequence 
consists of 53 nt and the 3' trailer comprises 537 nt A high G+C content in the 5 leader 
sequence and the possible formation of stable secondary structures (e g stem loop 
structures) can seriously interfere with optimal expression of the cDNA [39,49] Since the 
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MBI cDNA contains a long leader sequence, part of which derives from a multicloning 
site, it is not inconceivable that secondary structures can be formed Furthermore, a long 3' 
trailer sequence can destabilize the mRNA, especially if AU-nch regions are present 
[39,50] Removal of the major part of the untranslated regions in MBI indeed led to a 
significant increase in transcription of the cDNA A similar result was obtained when the 
5' leader sequence of the bovine opsin cDNA was reduced from 45 to 5 nt [12] From the 
shortened MB cDNA, a histidine-tagged version was constructed Expression of this 
protein allows purification by IMAC, which is necessary because of the expected Xmax of 
the pigment On immunoblot the histidine-tagged MB protein can be identified with an 
antibody raised against the histidine tag Using the N-terminal specific polyclonal antibody 
CERN933, MBII nor MBHis could be detected, indicating that this antibody is not suitable 
for immunoblot analysis of the MB pigment 
Like the human red cone protein described above, the majority of the MBHis 
protein is not located in the plasma membrane of infected insect cells In analogy to HR. 
we presume that this need not fully abolish regeneration of MBHis Yet, as was expected, 
regeneration of the expressed MBHis without further purification did not lead to a pigment 
which could be spectrally distinguished from free retinal (neither in a difference absorption 
spectrum, nor in a dark spectrum, not shown) 
After our cloning and expression studies on the MB cDNA had started, cloning and 
sequence oí a mouse blue cDNA was published by Chiù et al [51] The deduced amino 
acid sequence in their report is identical to the deduced amino acid sequence of our cDNA 
To date, no reports on the spectral properties of this pigment have appeared in the 
literature 
In part С of this chapter we evaluated the potential of the baculovirus basic protein 
promoter (pBP) for the functional expression of recombinant human green cone pigment 
(histidine-tagged, HGH) and bovine rhodopsin (ops) This promoter is active at earlier 
times post infection than the polyhedrin promoter (pPol) which we usually apply to drive 
transcription For a number of soluble heterologous proteins, expression at earlier times 
after infection has been reported to increase the amount of functional protein [23-28] This 
is likely caused by the fact that at earlier stages the lethal effects of viral infection do not 
interfere with the cell's ability to properly process expressed proteins Analysis of infected 
cells at 3 dpi revealed that neither HGH nor ops was expressed when transcription was 
controlled by pBP Both these visual pigments as well as several ops-mutants have been 
functionally expressed employing the very late viral promoters pPol and pPIO The lack of 
pBP-based expression was not caused by a defective promoter since we could clearly 
demonstrate expression of bovine aA crystallin, a soluble protein, under transcriptional 
control of pBP 
To investigate whether pBP-regulated expression does occur, but much earlier post 
infection, a time-course analysis for both pBP- and pPol-based expression of HGH and aA 
was performed This experiment revealed that no HGH could be detected in the pBP-based 
virus infected insect cells at any time after infection In insect cells infected with a pPol-
based virus HGH is detectable at 2 dpi, whereas aA expression can be detected at 1 dpi 
with pBP- as well as pPol-based viruses Interestingly, while aA levels continue to rise up 
to 4 dpi under control of pPol, under control of pBP maximum levels seem to be reached 
at 1 dpi This suggests that beyond 1 dpi the aA mRNA is rapidly being degraded (and is 
not replaced since the pBP has been switched off) or cannot function anymore as a 
template for protein synthesis 
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At 3 dpi, in pPol-based virus infected insect cells a transcript of HGH and ops can 
be delected This transcript migrates with an apparent length of approximately 1 9 kb This 
value is slightly higher than expected (approximately 1 5 kb), which may very well be due 
to the large amount of rRNA also present at this position in the gel, that causes the visual 
pigment transcripts to migrate irregularly In the insect cells infected with pBP-based 
viruses no transcripts of HGH or ops can be detected This can be due to either a nearly 
complete lack of transcription of the cDNA's or to instability of the corresponding mRNA 
If the latter is true, the differences in the expression level of the visual pigment transcripts 
are likely caused by differences in the amount of mRNA produced by the two promoters 
In the case of pPol-based transcription, the promoter probably produces sufficient amounts 
of mRNA to compensate for the instability However, native basic protein mRNA has been 
reported to be present at high levels in infected insect cells at 24 hours post infection 
[21,52] Yet this does not imply that foreign mRNA's, derived from a duplicated pBP 
placed in an unconventional context, will have a similar stability This issue can be further 
investigated by analyzing mRNA levels at various times after infection with pBP-based 
viruses and by analyzing the turn-over oí the transcripts (including aA) Nevertheless, 
since our main objective is the expression of visual pigments, we did not explore this 
matter any further 
The results reported in this part of the chapter contradict other reports concerning 
successful application of pBP for expression of heterologous proteins [23-28] However, 
while the earlier reports only addressed soluble proteins, we attempted to express integral 
membrane proteins, which require specialized membrane docking and translocation during 
biosynthesis Currently, we do not know if this feature of visual pigments interferes with 
the pBP based expression The analysis of other integral membrane proteins in pBP-based 
expression may settle this issue From the results described in this chapter we conclude 
that the basic protein promoter is not suitable to drive expression of visual pigments in the 
baculovirus expression system 
Taken together, the experiments described in this chapter show that the baculovirus 
expression system is suitable for the synthesis of recombinant cone pigments, provided a 
very late promoter like pPol or pPIO is used The human red cone pigment can be 
functionally expressed in relative large amounts as shown by spectral analysis However. 
this sample is by far not pure enough for detailed studies on the molecular properties of 
cone pigments Initial purification studies employing cation exchange chromatography 
were not successful, suffering from low pigment stability and efficiency of purification 
(not shown) Histidine tagging seems to present the best opportunity to purify cone 
pigments to a sufficient level In addition it allows identification of expressed pigments 
using anti-histidine tag antisera when no specific anti-pigment sera are available We will 
therefore proceed with polyhednn-based expression and combine this with histidine 
tagging, which will be described in chapter 5 
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Chapter 5 
Expression of Human Red and Green Cone Pigments: 
Histidine Tagging, Purification and Functional Analysis 
Part of the results described in this chapter are adapted from 
Vissers, Ρ M A M and DeGrip, W J , (1996). FEBS Letters, in press 
Ρ M A M Vissers. Ρ H M Bovee-Geurts, Ε Τ M Wintjes, 
С H W Klaassen and W J de Grip 

Chapter 5 
Expression of Human Red and Green Cone Pigments: 
Histidine Tagging, Purification and Functional Analysis 
5.1 Introduction 
In the human retina two types of photoreceptor cells can be identified rod and cones 
Rods mediate vision in dim light and contain the visual pigment rhodopsin Cones mediate 
vision in bright light and can be divided into three classes that differ in the cone pigment 
they contain, the red sensitive, green sensitive and blue sensitive cone pigment Rods are 
much more sensitive to light, whereas cones have a higher temporal resolution compared 
to rods [1] The molecular processes responsible for these differences in physiological 
function are still not completely understood 
Most of our knowledge about structural and functional properties of visual 
pigments stems from work on rhodopsin Detailed information concerning the molecular 
properties of human cone pigments, on the other hand, is relatively rare The genes 
encoding the human cone pigments were cloned several years ago [2] and recombinant 
cone pigments have been produced m mammalian expression systems [3,4] Using these 
expression systems information about spectral properties like the wavelength of maximum 
sensitivity (Xmax) of wild type and mutant pigments [5,6] and the effect of anions on the 
position of the Xmax [7] was obtained Identification and analysis of cone pigment photo-
intermediates have only been performed on native proteins obtained from chicken [8-12] 
and lizard (Gecko gecko) [13,14] retinas 
The baculovirus expression system has proven to be useful in the production of 
recombinant rod [15,16] and cone pigments (chapter 4 of this thesis) Initial purification ol 
baculovirus expressed bovine rhodopsin was performed by Concanavalin A (Con A) 
Sepharose chromatography [16] Since human cone pigments only possess one 
glycosylation site, compared to two sites in rhodopsin, Con A purification of cone 
pigments will be difficult because of lower-affinity binding and troublesome elution 
protocols [17] In addition, it is likely that after Con A chromatography the cone pigments 
will not be pure enough, so that a second purification step will be required Histidine 
tagging and subsequent purification by Immobilized Metal Affinity Chromatography 
(IMAC) have been successfully employed for the production of highly purified 
recombinant bovine rhodopsin [18] as well as for other proteins produced in baculovirus 
infected insect cells [19,20] Since this procedure allows a rapid single step purification 
and is relatively simple and inexpensive, it offers a possibility for purifying cone pigments 
in amounts that will enable functional analysis 
In this chapter we describe the production of histidine-tagged human red and green 
sensitive cone pigments (HRH and HGH, respectively) in the baculovirus expression 
system The histidine tags were constructed at the C-termini of the proteins because 
extensions at this part of the pigment do not interfere with spectral properties analyzed 
thus far [3,6] Using large scale expression and IMAC sufficient purified human green 
cone pigment could be produced for studies on the photocascade of this protein This led 
to the first identification of late photointermediates of mammalian cone pigments In lower 
vertebrates, cone pigment photointermediates have already been identified before, but only 
in the presence of detergents In this study detergents are replaced by native phospholipids 
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(reconstitution) for the analysis of intermediates, since detergents have a substantial effect 
on the absorbance properties, photocascade kinetics and photointermediate stability. 
To our knowledge this chapter presents the first report on the identification of a 
mammalian cone meta II intermediate. This intermediate plays a key role in the 
phototransduction cascade and its analysis may elucidate some of the mechanisms that 
account for the physiological differences between rods and cones. 
5.2 Materials and Methods 
Construction of a 6xHis-tag at the 3 ' end of Human Red and Green Cone Pigment с DNA 
The synthetic cDNA's encoding the human red and green sensitive cone pigments were 
generously provided by Dr. D. Oprian (Brandeis University, Waltham, MA, USA) as 
EcoRI-NotI constructs in pSP65 [3]. The codon at position 180 (polymorphic in the red 
cone pigment) codes for serine. Both cDNA's contain 8 extra codons at the 3' end coding 
for the 8 C-terminal amino acids in rhodopsin These amino acids constitute the epitope 
for the monoclonal antibody 1D4. A 6xHis-tag sequence was constructed by digestion of 
the cDNA's in pSP65 with Xhol and Noti and insertion of a ds DNA fragment with Xhol 
and Noti overhangs. This fragment consisted of two complementary oligonucleotides 
5'tcgagcgtgagtcctgcccaccatcaccatcaccattaagaattcgc 3' and 5'ggccgcgaattcttaatggt-
gatggtgatggtgggcaggactcacgc 3'. Insertion of this fragment led to the generation of an 
additional EcoRI restriction site immediately downstream of the stop codon (see figure 
5.1). The 6xHis-tag containing cDNA's could therefore be excised by EcoRI digestion. 
After ligation into EcoRI digested pUC19 the correct sequence was confirmed by dideoxy 
sequencing. The 6xHis-tag cDNA's were then ligated into EcoRI digested pVL1393 
resulting in the transfer plasmids pVL1393HRH (Human Red His-tag) and pVL1393HGH 
(Human Green His-tag). Transcription of both cDNA's is under control of the polyhedrin 
promoter. 
1080 1100 1130 
; Xhol ! ¡Noti 
ТСС GTÇ_TÇG_AGC GTG TCT CCT GCC GAG ACT AGT CAG GTG GCT CCT GCT TAA GC 
Ser Val Ser Ser Val Ser Pro Ala Glu Thr Ser Gin Val Ala Pro Ala 
A 
1080 1100 1130 
I Xhol ¡ EcoRI ¡Noti 
TCC GTC TCG AGC GTG AGT CCT GCC CAC CAT CAC CAT CAC CAT TAA GAATTC GC 
Ser Val Ser Ser Val Ser Pro Ala His His His His His His 
в 
Figure 5 I Nucleotide sequences in the red and green cone pigment cDNA 's 
A) Sequence of the 3 ' end of the cDNA 's provided by Dr D Oprian The eight C-terminal codons (broken 
line) correspond to the rhodopsin ID4 epitope [3] B) Sequence of the 3' end of the histidme-lagged cDNA 
of ¡he red and green cone pigment Restriction sites are printed in bold face and are underlined m the DNA 
sequence 
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Generation and Purification of Recombinant Baculovirus and Cell Culture 
The transfer plasmids pVL1393HRH and pVL1393HGH (2 μg) were cotransfected with 
200 ng Baculogold™ DNA as described in chapter 2 Recombinant baculoviruses were 
isolated by a plaque assay Cell culture and viral infections were performed as described in 
chapter 2 
For large scale production of the green pigment a bioreactor (Apphkon BioController ADI 
1030) was used In a 3 1 culture Sf9 cells were grown in Insect-Xpress medium (Bio 
Whittaker) to a density of 3 5 million cells per ml (oxygen saturation 50 %) Infection was 
then performed by the addition of a diluted high titer stock at a MOI of 0 1 
SDS-PAGE and Immunoblottwg 
Proteins were separated on a 12 % SDS-polyacrylamide gel [21] (BioRad, Mini Protean 
II) After electrophoresis the proteins were either stained with Coomassie Blue or 
transferred to nitrocellulose sheets (Schleicher and Schuell, BA 85, pore size 0 45 μιτι) 
The blots were probed with antibody CERN956 (anti red/green N-terminal, 1 500) or 
CERN9416 (anti His, 1 500) 
Confocal Laser Scan Microscopy 
Sub-cellular localization of recombinant cone pigments was performed by confocal laser 
scan microscopy as described in chapter 4 
Buffers used for regeneration, purification and reconstitution 
Buffer R (regeneration) 20 mM PIPES (Research Organics), 140 mM NaCI. 20 % (v/v) 
glycerol, 2 μg/ml leupeptin, pH 6 5 
Buffer N (anion sensitivity) 20 mM PIPES, 140 mM NaN03, 20 % (v/v) glycerol, 2 
μg/ml leupeptin, pH 6 5 
Buffer A (IMAC purification) 20 mM Bis-Tns Propane (Sigma), 0 5 M NaCI, 20 % (v/v) 
glycerol, 0 5 % (w/v) DoM, 5 mM ß mercapto-ethanol (ß ME), 1 mM histidine (Gibco), 2 
μg/ml leupeptin, pH 7 0 
Buffer В (IMAC purification) Buffer A, with 0 25 % (w/v) DoM. 5 mM histidine, 0 4 
mg/ml retina lipids (RL) These lipids were isolated as described [22] 
Buffer С (IMAC purification) 20 mM Bis-Tris Propane, 140 mM NaCI, 20 % (v/v) 
glycerol, 0 6 % (w/v) CHAPS (Sigma), 5 mM ß ME 50 mM histidine, 0 4 mg/ml RL, 2 
μg/ml leupeptin, pH 6 5 
Buffer Ρ (sucrose gradient) 20 mM PIPES, 130 mM NaCI, 5 mM KCl, 2 mM MgCU, 2 
mM СаС12, 0 1 mM EDTA, pH 6 5 
Regeneration of Histidine-tagged Cone Pigments 
The recombinant baculovirus infected insect cells were harvested at 3 dpi (small scale 
production in 250 ml spinner flasks) or 4 dpi (large scale production in 500 ml spinner 
cultures or in the bioreactor) by centri fugation (5 min lOOOxg, RT) and resuspended in 3 
times diluted buffer R (lOOxlO3 cells/ml) The suspension was then homogenized by five 
strokes in a Potter-Elvehjem tube After centnfugation (10 min, 20,000xg, RT) the pellet 
was resuspended in buffer R (200x106 cells/ml) and dodecylmaltoside (DoM) was added to 
a final concentration of 0 5 mM Addition of 11-m retinal and all subsequent 
manipulations were performed in the dark or under dim red light (Schot-Jena RG 650 cut­
off filter) The visual pigments were regenerated with 11-CIÍ retinal An aliquot of 20 
nmoles (dissolved in hexane) was blown dry with argon and dissolved in 10 μΐ 
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dimethylformamide (DMF), added to 100x106 cells and incubated under argon for at least 
one hour (RT) The pigments were solubihzed by the addition of CHAPS to a final 
concentration of 1 % (w/v) and ß ME was added to a final concentration of 5 mM After 
one hour (RT) the suspension was centnfuged (30 min 100,000xg, 4 °C) and the 
supernatant was used for purification or spectral analysis 
Anion Sensitivity 
The solubihzed green cone pigment (ca 0 5 nmol in 2 ml) was applied to a Sephadex G-25 
column (PD-10, Pharmacia), equilibrated with buffer N The column was washed with 
buffer N and fractions were analyzed by UV-Vis spectroscopy to establish elution of 
HGH The peak fraction was used to record a difference spectrum 
Purification of HGH 
The CHAPS extracts obtained after regeneration were purified by Immobilized Metal 
Affinity Purification (IMAC) The sample was diluted with an equal volume of buffer R 
and NaCl and solid DoM were added to a final conentration of 0 5 M and 0 5 % (w/v), 
respectively The final conentration of CHAPS was 0 5 % (w/v) The pH was raised to 7 0 
by addition of buffer R with pH 9 The Nr" nitnlotnacetic acid resin (1 ml, Nr*-NTA, 
Qiagen) was washed with 10 volumes of distilled water, followed by 10 volumes of buffer 
A The suspension containing the solubihzed pigments and the Ni2 -NTA resin were mixed 
and incubated under rotation for 16 h at 4 °C The suspension was then applied to a 
column and washed with 10 ml buffer A, followed by a 10 ml linear gradient m which the 
DoM concentration was lowered to 0 25 % (w/v), and histidine and retina lipids (RL) were 
raised to a concentration of 5 mM and 0 4 mg/ml, respectively Next, the column was 
washed with one volume of buffer В The bound histidine-tagged pigments were eluted 
with buffer С 
Reconstitution of purified HGH into retina lipid liposomes 
The purified human green cone pigment was reconstituted into a lipid environment by the 
addition of retina lipids in buffer С to a 200 fold molar excess over HGH Removal of the 
detergents (CHAPS, 0 6 % (w/v) and the residual amount of DoM) was accomplished by 
addition of the inclusion compounds ß-cyclodextnn and γ-cyclodextrin (Aldnch) Solid ß-
and γ-cyclodextrin were added to a final concentration of 10 mM and 20 mM, 
respectively The suspension was then layered on top of a sucrose step gradient (10 % 
containing 2 mM ß-cyclodextnn and 4 mM γ-cyclodextrin, 10 %, 20 % and 45 % sucrose 
(w/v) in 3 times diluted buffer Ρ followed by centnfugation for 16 hours at 4 °C 
(100 OOOxg) The proteohposomes containing the reconstituted green pigment were isolated 
from the 20 % - 45 % interface 
UV-Vis Spectroscopy and Photolysis 
All spectra were recorded on a Perkin Elmer Lambda 15 spectrophotometer and analyzed 
using SpectraCalc software (Galactic Industries Corp) For the determination of difference 
spectra hydroxylamine was added to a final concentration of 20 mM and spectra were 
recorded before and after illumination for 3 min with a 75 W light bulb equipped with a 
450 nm cut-off filter 
Photointermediate products were analyzed on proteohposomes either in suspension or on a 
dehydrated membrane film on cellulose-acetate windows 
Photolysis in suspension 
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Proteoliposomes isolated from the sucrose gradient were diluted with buffer P. An aliquot 
(approximately 0.5 nmol in 400 μΐ) was used for spectral analysis at 4 °C or 10 °C. The 
temperature of the solution was controlled by a thermostat and measured in the optical cell 
in the spectrophotometer. Photolysis was induced by illumination for 15 seconds with the 
above mentioned light source and spectra were recorded every 90 seconds. 
Photolysis on cellulose-acetate windows: 
Proteoliposomes isolated from the sucrose gradient (1 ml containing approximately 8 
nmol) were diluted in 1 mM PIPES/2 mM KCl, pH 6.5 (25 ml) and centrifuged for 16 h 
(lOO.OOOxg, 4 °C). The pellet was resuspended in 500 μΐ 2 mM KCl and 100 μΐ was 
applied to a cellulose-acetate window. Membrane films (7 mm diameter) were obtained by 
isopotential spin drying as described by Clark et al [23]. The cellulose-acetate window was 
inserted into a cuvette in the spectrophotometer and photolysis was induced by 
illumination for 10 seconds at 20 °C with the light source equipped with a 515 run cut-off 
filter. Spectra were recorded every 5 min. 
S.3 Results 
Expression and targeting of Histidine-tagged Human Red and Green Cone Pigments 
The introduction of a 6xHistidine-tag at the C-terminus of the human red and green 
pigments was achieved by insertion of a synthetic ds DNA fragment at the 3' end of the 
corresponding cDNA*s. The His-tag containing cDNA*s were cloned into the transfer 
vector pVL 1393 downstream of the polyhedrin promoter. The recombinant baculoviruses 
encoding the histidine-tagged cDNA's were used to infect Sf9 cells. Protein samples from 
infected insect cells were separated by SDS-PAGE and analyzed on an immunoblot using 
the polyclonal antibodies CERN956 (elicited against the N-terminus of the red and green 
cone pigments) and CERN94I6 (elicited against the his-tag). As shown in figure 5.2 the 
his-tagged human red and green cone pigments are expressed in the insect cells. The 
presence of the his-tag is confirmed by the positive reaction with antibody CERN9416, 
indicating that full-length products are produced. Some cross-reaction of antibody 
CERN9416 with endogenous proteins is apparent in lane 4. 
Figure 5 2 Immunoblot of extracts of SjV cells infected with recombinant baculoviruses encoding HRH and 
HGH Lanes I and 4 mock injected insect cells, lanes 2 and 5 HRH infected insect cells, lanes J and 6 
HGH injected insect cells (50 000 cells/lane) Lanes 1-3 were probed with antibody CERN956 lanti 
red'green). lanes 4-6 were probed with antibody CERN94I6 (ami his-lug) 
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Using confocal laser scan microscopy, the sub-cellular localization of the histidine-tagged 
pigments was analyzed at 2 dpi (figure 5.3). At this stage HGH is present in the cytosol, 
probably in membranous structures like ER, Golgi network or transport vesicles, and is at 
least partially targeted to the plasma membrane. For HRH a similar distribution is 
apparent, be it that much less staining of the plasma membrane is observed. 
А В 
Figure 5.3 Confocal images of insect cells expressing HRH (panel A) and HGH (panel B). The pigments 
were detected with antibody CERN956. 
Regeneration and Spectral Analysis of Human Red and Green Cone Pigment 
The cone pigment proteins were regenerated from recombinant baculovirus infected insect 
cells with 11 cis retinal and solubilized by the addition of CHAPS. The solubilized 
samples were analyzed by UV-Vis spectroscopy. Difference spectra (figure 5.4, panel A) 
revealed that the maximum sensitivities for the green and red pigment were 527 nm and 
560 nm, respectively. The Xmax of the green pigment can be read directly from the 
difference spectrum. In the difference spectrum of the red pigment, however, some spectral 
impurities are present that disturb the spectrum and hamper direct reading of the λπ^χ. 
Therefore, the Xmax was calculated by using a template derived by Partridge and DeGrip 
[24]. designed for vitamin Al-based visual pigments. The expression level of the red cone 
pigment was 2.0 ± 0.5 pmol/106 cells. The expression of the green pigment in 100 ml 
spinner flasks varied between 2 and 4 pmol/106 cells. In 500 ml spinner cultures (with 
aeration) the expression level was 5.0 ± 0.5 pmol/106 cells, whereas in 3 liter cultures 
(bioreactor) levels up to 9.5 pmol/106 cells were obtained. Because of the higher 
expression level of the green cone pigment compared to the red pigment, the green 
pigment was used for purification studies. 
Anion Sensitivity 
The position of the absorbance band of the human red and green cone pigments is anion-
dependent [7]. This phenomenon is known as the anion or hypsochromic effect, also found 
in other cone pigments belonging to group L (chapter 1) [25-28]. The term hypsochromic 
effect is used because binding of most anions other than chloride results in a spectral shift 
to shorter wavelengths (blue shift). The anion sensitivity of the recombinant human green 
cone pigment was demonstrated by replacing chloride ions by nitrate ions. This exchange 
resulted in a 15 nm blue shift of the absorption peak to 512 nm (see figure 5.5 panel B). 
The absorbance spectrum recorded in the presence of nitrate ions is somewhat broader than 
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that recorded in the presence of chloride ions. This is probably caused by imcomplete 
exchange of the anions, which consequently affects the measured λπΐ3χ of the nitrate-
curve. This value is 7 nm higher than observed in a study by Wang et al [7]. 
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Figure 5.4 Spectral analysis of histidine-tagged human red and green cone pigment. Panel A: Difference 
spectra of the red and green cone pigment recorded in the presence of 20 mM ΝΗΌΗ. Panel B: 
Demonstration of the anion sensitivity of the green pigment. Substitution of chloride ions (curve I) by nitrate 
ions (curve 2) results in a blue shift of 15 nm. Bars at the right present the OD-scale for the various spectra. 
Purification of the Green Sensitive Cone Pigment 
The regenerated and solubilized HGH was prepared for Immobilized Metal Affinity 
Chromatography (IMAC) on Ni2+-NTA resin. Prior to binding to the Ni2+-NTA resin the 
CHAPS concentration was lowered to 0.5 % (w/v) and solid DoM was added to 0.5 % 
(w/v). Under these conditions typically 70-75 % of HGH was retained on the column. The 
binding of HGH varied strongly when only CHAPS (1 %) was used (15-60 %, not 
shown). However, this detergent was necessary for maximal solubilization of the pigment 
from the regenerated insect cell membranes. The use of 1 % DoM for solubilization 
resulted in a 30 % lower yields of HGH, compared to 1 % CHAPS. Results obtained in 
various solubilization and purification protocols are summarized in table 1. 
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Table I Effect of detergents and retina lipids (RL) on the solubilization of HGH from insect cell membranes 
and binding to Ni''-ΝΤΑ resin. 
Detergent / Lipids Solubilization Binding 
1 % CHAPS 100 % 10 - 60 % 
2 % CHAPS 95 % ND 
3 % CHAPS 96 % ND 
4 % CHAPS 59 % ND 
1 % DoM 70 % ND 
1 % CHAPS / 0 2 mg/ml RL ND 0 % 
1 -> 0 5 % CHAPS / 0-> 0.5 % DoM1 100% 7 0 - 7 5 % 
Numbers in the second column denote relative amounts of HGH solubilized from insect cell membranes 
(solubilization using I % CHAPS was set at 100 %). Numbers in the third column represent the fraction of 
HGH that was bound to the Nr'-NTA relative to the amount that was applied. ND: not determined 
1
 First solubilized in I % CHAPS, then diluted with I volume I % DoM. 
Since lipids have been shown to stabilize solubilized cone pigments [17], we investigated 
the effect of adding retina lipids (RL) at various stages in the purification protocol. The 
addition of RL to 0.2 mg/ml prior to loading of the sample on the column completely 
inhibited binding of the pigment. Therefore, RL were added to washing and elution buffers 
after the pigment was bound to the Ni2* NTA resin. Unbound and aspecifically bound 
proteins were largely eluted from the column by washing with a histidine gradient. HGH 
was eluted from the column using 50 mM histidine. The eluted fractions were analyzed by 
SDS-PAGE, immunoblotting and UV-Vis spectroscopy. In initial purification attempts we 
used 20 mM imidazole for washing and 200 mM imidazole for elution of the bound HGH, 
which is the standard procedure adapted for his-tagged rhodopsin. However, HGH was not 
stable under these conditions, as judged by a 50 % decrease in absorbance in 20 hours at 4 
°C (not shown). Optimal purification results are presented in figure 5.5. Lanes 1 and 2 in 
panel A represent immunoblot detection of HGH after purification and reconstitution in 
RL. Detection of the pigment was performed with the N terminal-reactive antibody 
CERN956 in lane 1 and the С terminal-reactive antibody CERN9416 in lane 2. The 
reaction of the 36 kD band with both antibodies indicates that the proteoliposomes contain 
full-length HGH. Lane 1 in panel В represents the CHAPS solubilized fraction of infected 
Sf9 cells after regeneration with 11-c/s retinal. The HGH eluted with 50 mM histidine and 
reconstituted into RL is shown in lane 2. Reconstituted HGH appears as a rather diffuse 
band with a molecular weight of approximately 37 kD. In this lane hardly any 
contaminating proteins can be seen, indicating that such proteoliposomes containing HGH 
can be used for functional analysis. 
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Figure 5.5 Results of IMAC purification of HGH Panel A: ¡mmunoblot detection of purified and 
reconstituted HGH, lane I: reaction with CERN956 fanti Red/Green); lane 2: reaction with CERN9416 {anti 
his tag). Panel B: Coomassie Blue stained Polyacrylamide gel, lane I: total CHAPS extract of infected insect 
cells; lane 2: purified and reconstituted HGH 
Spectral Analysis of Purified HGH 
The absorbance spectrum of HGH following IMAC purification is shown in figure 5.6. 
The shoulder at approximately 340 nm probably represents the ß band of the pigment, with 
some contamination from retinal that is released because of denaturation of the pigment 
during the purification process. As an indication of the purity of HGH the ratio of the 
absorbance values at 280 nm and 530 nm can be used. The best value for the A280/A530 
ratio for the eluted HGH obtained so far is 4.5. For comparison, highly purified bovine 
rhodopsin has an A280/A500 ratio of 1.7 ± 0.1 [29]. Since this chapter reports the first 
purification studies on human cone pigments, no references concerning the A28o/A530 ratio 
of highly purified green cone pigment are available. 
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Figure 5.6 Best UV/Vis absorption spectrum of HGH obtained after IMAC purification. 
To allow for the low thermal stability of cone pigments we considered time more essential 
than the highest purification level and settled for purified fractions containing 25-35 % 
pigment on a protein basis (about 400 fold purification). Since the subsequent 
reconstitution step will yield an additional 3-4 fold purification, final proteoliposomes will 
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be of sufficient purity (>70 %) for structural and functional analysis. Photointermediates of 
the pigment appearing in the late photocascade were analyzed in a suspension of 
proteoliposomes at 4 °C and 10 °C. After irradiation a clear increase in absorbance at 
approximately 380 ran is measured (figure 5.7, panel A and B). This peak most likely 
represents the meta II intermediate. The absorbance at 380 nm then gradually decreases in 
time while simultaneously an increase at 440-445 nm can be seen (figure 5.7, panel С and 
D). This change corresponds to the meta Il-meta III conversion, which is well documented 
for rod pigments [16]. In both experiments an isosbestic point can be seen at 410 nm. 
During the time that the spectra were recorded (one hour) no decrease in the absorbance at 
445 nm was measured, indicating that the meta III intermediate does not decay under these 
conditions. 
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Figure 5.7 Spectra! changes recorded in suspensions of proteoliposomes of HC Η Samples were illuminated 
for 15 seconds at 4 °C (panel A and C) and 10 °C (panel В and D). Panel A and B: Spectra recorded 
before illumination (!) and 1.5, 3, 4.5, 6, 7.5, 9, 10.5, 12, 13.5 and 15 mm after illumination (2-11), 
showing the bleaching of the main absorbance band (centered at 530 nm) and the formation of the meta II 
intermediate (380 ± 2 nm). Panel С and D: difference spectra obtained by subtracting the spectrum recorded 
15 min after illumination (2) from those recorded 3-15 min after illumination (3-11), showing the course of 
conversion from mela II to meta III (440 ± 2 nm), curves I '-I0' (I '=3-2, 2 '=4-2 etc) 
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The decrease in absorbance at 380 nm was fitted with an exponential time function in 
order to calculate the half life of the meta II decay (n=2). The obtained value was 3.8 ± 
0.3 min at 4 °C and 3.2 ± 0.1 min at 10 °C. These decays are significantly faster than the 
meta II decay of the bovine rod pigment measured in proteoliposomes. The rod meta II 
has a half life of 45 ± 2 min at 10 °C and hardly displays any decay at 4 °C [P.H.M. 
Bovee-Geurts and W.J. DeGrip, unpublished]. 
Analysis of the late photocascade of HGH in a suspension of proteoliposomes 
clearly allows identification if the meta II and meta III intermediates. Unfortunately, under 
these conditions a meta I intermediate could not be distinguished, probably because of the 
fast kinetics of the photocascade. In order to study a meta I intermediate, two methods can 
be applied. First, analysis of the photocascade at low temperatures will slow down kinetics 
and likely allow identification of a meta I intermediate. Second, since the meta I - meta II 
conversion is water dependent [30], in dehydrated samples the photocascade will stop at 
the meta I stage and permit study of this intermediate. We have applied the second 
strategy and constructed membrane films of dehydrated proteoliposomes on cellulose-
acetate windows. After illumination (figure 5.8, panel A) the absorbance band of the 
pigment has decreased and an increase in absorbance is observed at approximately 490 nm, 
representing formation of the meta I intermediate. Prolonged incubation of the membrane 
film led to a slow decrease in the absorbance at 490 nm, while simultaneously an increase 
at 360 nm can be seen. 
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Figure 5.8 Analysis of the late photocascade of HGH on a dehydrated membrane film Panel A: spectra 
recorded before illumination (curve 1) and 5, 10, 15, 20, 25, 30, 35, 40, 45, 50 and 55 min after 
illumination (curves 2-12). Upon illumination the main absorbance band of the pigment decreases and a 
meta I intermediate is formed, which slowly decays. Panel В Difference spectrum obtained by subtracting 
the spectrum recorded 55 min after illumination (curve 12 in panel A) from the spectrum recorded 5 mm 
after illumination (curve 2 in panel A), showing the λ/ηαχ of the meta 1 intermediate: 490 ± 2 nm 
5.4 Discussion 
In order to investigate the molecular properties of human cone pigments, these proteins 
have to be obtained in a sufficiently pure form. In this study we show that histidine 
tagging in combination with IMAC allows substantial purification of the human green cone 
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pigment in a single step The histidine tag was constructed at the C-terminus of the protein 
and can be recognized by an anti his-tag antibody The human red cone pigment was also 
histidine tagged and gave similar results on immunoblot However, confocal laser scan 
microscopy revealed that under conditions where for the green pigment targeting to the 
plasma membrane can be observed, most of the red pigment is retained in the cytosol This 
is probably partly due to differences in expression level Under comparable conditions, the 
level of green pigment expression is at least twice as high as that of the red pigment The 
higher expression level probably induces a more rapid vesicular transport to the plasma 
membrane For instance, the bovine rod pigment, of which the expression level is two to 
three-fold higher than the green pigment, is largely contained in the plasma membrane [16. 
and unpublished observations] On the other hand it can not be excluded that targeting 
signals are less efficient in the order rod > green > red, which slows down transport to the 
plasma membrane and thereby impairs biosynthesis Expression of both histidine tagged 
pigments under transcriptional control of the also very late viral plO promoter gave similar 
results with respect to expression levels (not shown) 
The Xmax values of HRH and HGH are in good agreement with those found for 
pigments in vivo by microspectrophotometry [31,32], electroretinography [33], and single 
cell action spectra [34] In vitro expression of the red and green pigments has so far been 
performed in three eukaryotic cell types insect cells (Sf9. this study), monkey kidney cells 
(COS) [3] and human embryonic kidney cells (293S) [4] Except for the latter, the 
pigments in these studies were modified for purification purposes histidine tagged (this 
study) and lD4-epitope tagged [3] and display slight differences in the Xmax (see table 2) 
These differences may be due to (1) the difference in cell type and concurrent variation in 
membrane lipid composition and post-translational modification ability. (2) the pigment 
modification (his tag or lD4-epitope tag), (3) statistical variation Since the 1D4 epitope is 
not expected to influence the λπιβχ, we presently consider the slight differences in 
reported λιτΐ3χ as due to statistical variation The average figure of the three in vitro 
obtained values in fact is in good agreement with other measurements (table 2) 
Table 2 \max values (nm) for in vivo analyzed and in vitro expressed human red and green cone pigments 
in vivo analysis in vitro expression 
MSP ERG SCAS Sf9 COS 293S 
Red1 558 561 560 56(3 563 557 
Green 531 530 530 527 532 530 
MS/5 microspectrophotometrv [32] ERG electroretinography [33] SCAS single cell action spectra [34] 
' For the in vivo analyzed pigments no discrimination was possible between the ser-180 or ala 180 variant of 
the red pigment for the in vitro expressed pigments the \tnax of the ser-180 variant is gnen 
The blue shift of the λπΜχ of HGH due to the exchange of chloride by nitrate ions, we 
measure (15 nm), is not as large as that observed in a study by Wang et al (20 nm. [7]) 
This is probably caused by incomplete exchange of anions in our procedure, as observed 
by the broader absorbance peak measured in the presence of nitrate In the study by Wang 
et al the pigment was first brought into chloride-depleted form before nitrate ions were 
added In our study we were not able to completely deplete the solubilized pigment from 
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anions, because this led to a rapid destabihzation of the protein (not shown) We do not 
believe that the difference in Xmax shift is caused by the presence of the his tag, since this 
lag is located at the intracellular domain of the pigment, whereas the amino acids 
responsible for anion binding are located at the extracellular domain [7] 
The green cone pigment displays expression levels up to 9 5 pmol per 106 cells 
(this value was calculated in the reasonable assumption that the molar extinction 
coefficient of HGH is similar to that of bovine rhodopsin, which is 40400) In a 1 liter cell 
culture (typically containing 4 10' cells) 38 nmol or 1 6 mg of recombinant pigment can 
be produced This equals the amount of green pigment present in about 300 human retinas1 
Clearly, this demonstrates the excellent properties of the baculovirus expression system for 
the production of heterologous proteins that are present in small amounts in their native 
tissue 
In view of the successful purification of recombinant his-tagged bovine rhodopsin 
by Immobilized Metal Affinity Chromatography (IMAC) [18], the same approach was 
taken for HGH However, due to the notoriously lower thermal stability of cone pigments 
in detergent solution [8-11], it turned out that we had to substantially modify the 
procedure developed for rhodopsin After many solubilization, binding and elution 
experiments a satisfactory and reliable procedure was developed Optimal solubilization of 
the regenerated pigment required 1 % CHAPS (w/v) However, under these conditions the 
binding of the pigment to the Ni2+ resin varied considerably (10-60%) Addition of DoM 
(final concentration 0 5 % (w/v)) and lowering the concentration of CHAPS to 0 5 % 
(w/v), resulted in a reproducible and sufficient level of binding (70-75%) It is likely that 
micelle structure and composition are important factors that determine the binding 
efficiency In addition, binding of HGH was completely suppressed in the presence of 0 2 
mg/ml retina lipids Nevertheless, these lipids are necessary for stabilization of the 
pigments This is specially the case in a purified state, where the absence of these retina 
lipids leads to a rapid destabihzation as is evident from loss of the typical absorbance 
band This stabilizing effect of lipids was also described in purification studies on chicken 
cone pigments [17] In analogy to the IMAC purification of bovine rhodopsin [18], we 
initially used imidazole for the elution of the bound HGH A concentration of 200 mM 
was necessary for massive elution of the pigment, since at lower concentrations HGH was 
only gradually released from the column Unfortunately, HGH was not stable in 200 mM 
imidazole (50% decrease in absorbance in 20 hours at 4 CC) As an alternative, we 
investigated the potential of histidine to replace imidazole It appeared that 50 mM 
histidine was as effective as 200 mM imidazole to elute the pigment and did not 
destabilize it 
The purified HGH was reconstituted into a lipid environment to simulate conditions 
in a photoreceptor cell This reconstituted HGH was used to study the generation and 
conversion of intermediates in the late phase of the photocascade Upon illumination 
formation of a meta II (380 ± 2 nm) and a meta III (440 + 2 nm) intermediate can be 
observed This result represents the first identification of mammalian cone pigment 
photoinlermediates The meta II intermediate decays with a half life of 3 2 ± 0 1 min at 10 
°C and 3 8 ± 0 3 mm at 4 °C Detailed analysis of the decrease at 380 nm and the increase 
at 440 nm reveals that the meta II decay is somewhat faster than the meta III formation 
This can be explained by branching of the photocascade after formation of meta II, in 
analog) to the bovine rod pigment [16] Presumably, the meta II decay can follow two 
routes a major one leading to the formation of meta III and a minor one leading to the 
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release of free a\\-trans retinal. The observed rate of the meta II decay is the sum of these 
two processes. 
In order to identify a meta I intermediate we utilized dehydrated membrane films 
of reconstituted HGH on cellulose-acetate windows. Upon illumination a meta I 
intermediate is formed with a kmax of 490 ± 2 run. Under these (dehydrated) conditions 
the meta I intermediate slowly decays, judged by the decrease in absorbance at 490 nm, 
while simultaneously an increase in absorbance at ±360 nm is observed, which may 
represent formation of free retinal. 
The results presented in this chapter demonstrate that the meta II intermediate of 
HGH decays faster than the rod pigment meta II under comparable conditions. This faster 
meta II decay is also reported for chicken cone pigments [8-12]. We find, however, 
significant differences relative to the chicken cone pigment intermediates. First of all, the 
measured half life of the HGH meta II in retina lipids (this study) at 10 °C (3.2 min) is 
much longer than the reported meta II half life for chicken red and green pigments at 20 
°C (25 seconds and 7 seconds, respectively). Although our measurements were done at a 
lower temperature, we do not believe that the human green meta II half life at 20 °C will 
be less than 30 seconds. Secondly, like chicken green [11,12], but in contrast to chicken 
red [10], we could identify a meta III intermediate. Finally, we observed a possible 
branching in the photocascade after formation of meta II. This branching is also found for 
bovine rhodopsm, but not for the chicken pigments. These differences may be due to 
species differences. However, we rather consider this to be due to a micro-environment 
effect. The chicken pigments were all measured in detergent/lipid mixed micelles; our 
results were obtained in a native-like lipid environment. Hence, we consider our results as 
more closely representing the natural pigment properties. Extrapolation of the Arrhenius 
plots presented in [10,12] to 10 °C shows that the half lives of the meta II intermediates of 
cone pigments as well as rod pigments are significantly shorter when measured in 
detergent/lipid mixtures than when measured in proteoliposomes (table 3). This clearly 
demonstrates the effect of detergents on the stability of visual pigment photointermediates. 
Table 3 Half life values (mm) of mela II intermediates at 10 °C of several rod and cone visual pigments, 
measured in proteoliposomes or detergent/'lipid mixtures 
Human 
Green' 
Ρ 
38 
Bovine 
Rod2 
Ρ 
45 
Bovine 
Rod3 
dl 
16 
Chicken 
Rod34 
dl 
6 5 
Chicken 
Red3 
dl 
1 
Chicken 
Green" 
dl 
0 2 
ρ measured m proteoliposomes, dl measured in detergent/Iipid mixture (CHAPS/phosphalidylcholine) 
' this study 
1
 PHM Bovee-Geurts, WJ DeGrip, unpublished results 
' Extrapolated from Arrhenius plot from Okada et al [10] 
4
 Extrapolated from Arrhenius plot from ¡mai et al [12] 
The generally found shorter life time of the cone pigment meta II intermediate relative to 
rod pigments, is claimed to be related to the difference in photosensitivity between rods 
and cones [10]. It should be noted, however, that in a human cone cell, the time to peak 
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response is 50-100 ms [34] Hence, we do not expect that the meta II life time (which is 
significantly longer than 100 ms) can be a rate-determining factor in this process. Another 
physiological difference between rods and cones is the level of dark noise, which is higher 
in cones Since the noise probably anses from thermal isomenzation of the pigment [35], 
the lower stability of cone pigments found in this and other studies, may account for the 
elevated noise level in cones. As the level of the noise determines the limit of 
photoreceptor cell performance, the lower thermal stability of cone pigments can be related 
to the lower photosensitivity of these cells compared to rods 
We are currently trying to further improve the purification strategy for HGH and 
expect to be able in the near future to perform the first structural analysis (FTIR) of the 
conformational changes that occur in this pigment after illumination 
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Chapter 6 
Analysis of Genomic DNA from 
Individuals with Color Vision Defects 
6.1 Introduction 
Human color vision is based on the presence of three classes of retinal cone cells each of 
which contains a different type of photopigment These photopigments absorb maximally 
in different regions of the visible spectrum and are termed red or long wavelength 
sensitive, green or middle wavelength sensitive and blue or short wavelength sensitive 
[1,2] 
Among the Caucasian population, approximately 8 % of the males has an X-
chromosomal inherited congenital color vision abormahty Variations that involve the red 
cones are called protan deficiencies, those involving green cones are known as deutan 
deficiencies About 30 % of the males with a congenital color vision deficiency are 
dichromats lacking either the red pigment sensitivity (protanopes) or the green pigment 
sensitivity (deuteranopes) The majority of males with a congenital color vision defect are 
anomalous trichromats, where either the red or the green absorption spectrum is shifted 
along the wavelength axis (reviewed in [3,4]) 
Since the identification and cloning of the human cone pigment genes [5], the 
molecular nature of inherited red-green color vision defects has been investigated 
extensively Studies in red-green color deficient males revealed that most of the observed 
variations in color vision ability were caused by unequal homologous recombination events 
leading either to deletion of the green pigment gene or to hybrid or fusion genes consisting 
of both red gene and green gene derived sequences [6,7] Functional expression of hybrid 
genes indeed showed that hybrid pigments have a spectral peak intermediate between the 
parent red and green pigment [8,9] 
In this chapter the analysis of genomic DNA in color blind individuals is described 
Our aim was to identify point mutations in cone pigment genes that can give information 
concerning structure-function relations in the corresponding pigments (e g folding, 
stability, wavelength regulation, G-protein interaction), which we can confirm by 
functional expression of the corresponding mutated pigment We will not try to establish 
detailed genotype-phenotype relationships concerning the red-green color vision defects in 
the tested individuals 
The exons from the red and green cone pigments were amplified by PCR and 
analyzed by Single Strand Conformation Polymorphism (SSCP) This technique was first 
described by Onta et al in 1989 [10,11] PCR amplified ds DNA fragments are denatured 
to ss DNA and separated by electrophoresis m a non-denaturing Polyacrylamide gel The 
two ss DNA molecules assume a unique three dimensional conformation corresponding to 
their nucleotide sequence Variations in the sequence (mutations) will lead to different 
conformations and result in differential migration patterns of one or both of the DNA 
strands One drawback of SSCP is that not every mutation is identified The resolution of 
SSCP depends on how the mutation affects the folding and how the folding affects the 
electrophoretic mobility of the ss DNA fragment The observed mobility shift is inversely 
correlated with the length of the DNA sequence In nucleotide fragments of 200 bp or less 
70-95 % of the mutations can be detected, for fragments of >400 bp the sensitivity 
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decreases to approximately 50 % [12-14] The original SSCP protocol used labeled PCR 
primers or nucleotides to generate a radioactive PCR product which is visualized by 
autoradiography Although sensitive, this method is both time consuming and cumbersome 
In this study we do not use radioactive PCR lo amplify the exons in the red and green 
cone pigment genes, but the detection of ss DNA is performed by silver staining In 
addition, the use of relatively small gels (17 χ 16 cm) makes this method quick, simple 
and inexpensive 
6.2 Materials and Methods 
Selection of С olor Blind Individuals 
All subjects were tested by various psychophysical methods Pseudo Isochromatic Plates 
(Tokyo Medical College, American Optical H-R-R, Ishihara Plates, Standard 
Pseudoisochromatic Plates part 2), the Famsworth-Munsell 100 Hue test and derived 
methods (New Color Test, Panel D-15, desaturated Panel D-15) and an anomaloscope 
(Nagel model II or Neitz ОТ) 
As a result of these tests the subjects were assigned as color normal, protanope (P), 
extreme protanomalous (EPA), protanomalous (PA), deuteranope (D), extreme 
deuteranomalous (EDA), or deuteranomalous (D) For two subjects, P3 and P6, this 
classification was not possible These individuals were assigned as deutan deficient (DD) 
and protan deficient (PD), respectively (see table 2) 
Blood Samples and Isolation of Genomic DNA 
Blood samples (10 ml) were collected from color blind and color normal individuals in 
vacutainer tubes containing EDTA (Sherwood Medical, Bahymoney, N Ireland) Genomic 
DNA was isolated from nucleated cells essentially as described by Miller et al [15] The 
blood sample (10 ml) was diluted with 40 ml 10 mM NaCl/10 mM EDTA to lyse the 
erythrocytes and centri f uged for 15 min (2000 rpm. room temperature) The supernatant 
was discarded and the pellet was washed with the same lysis buffer and centnfuged again 
DNA was extracted from the pellet by the addition of 4 ml salt extraction buffer (10 mM 
Tns/HCl. 400 mM NaCl. 2 mM EDTA. pH 7 5) followed by the addition of 150 μΐ 
Proteinase К (10 mg/ml) and 425 μΐ 10 % SDS The solution was then incubated for 60 
min at 60 °C or overnight at 37 °C Next, the solution was applied to a tresh 10 ml tube 
and 1 4 ml 6 M NaCl was added, followed by vigorous shaking The solution was 
centnfuged for 15 min (2500 rpm) and the supernatant was transferred to a fresh tube 
This step was repeated once, after which the supernatant was transferred to a 50 ml tube 
Next, 2 volumes of 96 % ethanol were added and the solution was carefully mixed The 
DNA (visible as a cloudy substance) was removed with a sealed pasteur pipette, washed in 
70 % ethanol and allowed to dissolve in 1 ml 10 mM Tns/HCl, 1 mM EDTA, pH 8 0 for 
at least one hour Determination of the amount and purity of the isolated DNA was 
performed by spectrophotometry (A 260 and A 280) The DNA was then stored at 4 °C 
(short term storage) or at -80 °C (long term storage) 
PC R Amplification of Exons 2-5 
The strategy employed for amplification of the coding sequences is shown in figure 6 1 
The sequence of the oligonucleotide primers is given in table 1 These primers hybridize to 
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the ïntron-exon borders of exons 2, 3. 4 and 5 Short intron sequences (underlined in table 
1) were used in these primers in order to identify mutations in an as large as possible 
region Since for each exon common primers were used for both the red and green 
pigment gene, amplification will yield a mixture of red and green derived exons (if both 
genes are present) All reactions were performed on a Omnigene Thermocycler (Hybaid. 
Middlesex, UK) The reaction mixtures contained 500 ng genomic DNA, 3 μΜ of each 
primer. 02 mM dNTP's (Pharmacia), 10 μΐ lOxPCR buffer (Promega). 25 mM MgCl, 
(Promega), 2 5 U Taq DNA polymerase (Promega) and were incubated for 3 min at 95 
°C, iollowed by 30 cycles of 45 seconds at 95 °C, 45 seconds at the annealing temperature 
for the primer combination (see table 1), and 60 seconds at 74 °C, followed by a final 
extension at 74 °C for 10 min After PCR the amplified products were separated by 
electrophoresis in 1 % low melting point agarose (Gibco BRL), the bands were cut out and 
the DNA was isolated [16] 
SSCP 
The agarose purified DNA samples (100-500 ng) were diluted to 8 μΐ with distilled water 
and 2 μΐ 1 % SDS/10 mM EDTA was added followed by 1 μΐ formamide/0 5 % bromo 
phenol blue The samples were denatured tor 5 min at 100 °C, chilled on ice and applied 
to a Polyacrylamide gel (Protean II, Bio-Rad) Various conditions were tested to optimize 
the detection of polymorphisms The concentration of acrylamide was varied between 6 5 
and 10 %. and in some cases glycerol was added to 5 % (v/v) to improve separation 
Electrophoresis was carried out at 350 V for 90-120 min at room temperature The 
electrophoresis unit was cooled with running tap water (10-14°C) Detection of DNA was 
performed by silver staining as described by Bassam et a! [17] 
Cloning of PCR products 
The amplified DNA was blunt ended and phosphorylated as described by Lorens [18] and 
subsequently ligaled into Smal digested pUC18 or pUC19 These plasmids were used for 
dideoxy sequencing (USB. Cleveland. Ohio. USA) 
Table I Printers used m PCR amplification of exon 2 3 4 and 5 
Number DNA sequence (5-3 ) Exon TA (°C) Amplified product (bp) 
60 306 " 1 
2 
3 
4 
5 
6 
7 
θ 
TCAGGCCCCTTCGAAGGC 
CTTACCACACAGCGAGAC 
CATAGGGATCACAGGTCT 
CTTACCTGCTCCAACCAA 
TCCAGGTACTGGCCCCAC 
CTTACCGCTCGGATGGCC 
CTTAGGTGGCAAAGCAGC 
GCTTACCTGCCGGTTCAT 
2 
2 
3 
3 
4 
4 
5 
5 
58 179 
60 176 
56 251 
The numbers bhown in the first column refer to the primer numbers in figure 6 I Odd numbers represent 
forward primers (sense/ even numbers represent reverse primers tanli-seme) The underlined nucleotides in 
the second column are denied from mlron sequences In the fourth column the annealing temperature iTj m 
the PCR of the primer combination /or tach txon is çnen 
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Figure 6 I Strategy for the amplification ana analysis of the exons 2 5 from the red and green cone pigment 
genes Primers are represented by lines at the intron-exon borders and the numbers correspond to those 
given in table I Amplified fragments are indicated by horizontal lines the length of these fragments (bp) is 
indicated helow the lines 
6.3 Results 
The occurrence of polymorphisms in the exons 2-5 of the human red and green cone 
pigment genes was investigated by PCR-SSCP These exons were chosen as target 
sequences because the differences between the red and green pigment genes reside in 
exons 2-5 (exons 1 and 6 are identical in both genes) Since in each amplification reaction 
common primers were used for both the red and green gene derived exons, SSCP samples 
contained a mixture of red and green exons (if both are present in the genomic DNA), or 
one of the exons (if the other one is absent) For each exon various conditions were tested 
for optimal detection of polymorphisms In this chapter only the conditions that resulted in 
the appearance of polymorphisms are shown Other conditions (differing in percentage 
acrylamide or glycerol) gave similar results or failed to resolve differences in the DNA 
fragments sufficiently Genomic DNA was analyzed from 6 male control individuals and 
17 males with a protan (red color vision) or deutan (green color vision) defect (table 2) 
We started our investigations with exon 5 in several color blind individuals with a 
protan defect and compared the results with color normals Surprisingly, SSCP analysis of 
control individuals showed three groups of two bands (indicated by arrows on the left hand 
side in figure 6 2) In the protan subjects at least one of these groups was missing In order 
to establish if this represented the absence of a red or green exon, we performed two 
experiments First exons derived from control individuals were cloned and sequenced to 
determine from which gene these exons originated Through sequence analysis we were 
able to identify the red and green exon 5 Unexpectedly, we also found a silent 
polymorphism in a green gene derived exon 5 from a control individual This 
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polymorphism (A vs С at the third position of codon 283) was also identified in other 
studies [19], and represents another allele of the green cone pigment. Additionally, we also 
observed a point mutation in codon 312 (AAA vs GAA) in subject C4 leading to the 
amino acid substitution Lys -> Glu. Apparently, this mutation does not affect the color 
vision ability in this individual, since phenotypic analysis showed no differences compared 
to other controls. The cloned exons from the red gene and the two forms of the green gene 
were amplified with the same primers used for amplification of the genomic DNA 
(number 7 and 8). These amplified products were also used in the SSCP analysis and 
could serve as references to identify red or green gene derived bands. The red and green 
gene derived fragments (R, Gl and G2) are shown in figure 6.2, from which we conclude 
that in color blinds PI, Ρ12, P13, Ρ14, P16 and P20 the bands belonging to the red exon 5 
are missing (lower arrow), while bands originating from the green exon 5 (middle and 
upper arrow) are present. 
02 
R I I M 
Ci C4 C6 IM P6 P7 P12 PB P14 Plfi PtK) R Gl GZ 
Figure 6 2 SSCP analysis of amplified red/green exon 5 of control individuals (C1.C4.C6) and color blind 
individuals (PI - P20). Amplified producís were separated on a 8 % Polyacrylamide gel (no glycerol) and 
detected by silver staining Lane R represents the red gene derived exon 5, lanes Gl and G2 represent the 
two alleles found for the green gene derived exon 5. 
As a second analysis to confirm the absence of the red gene derived exon the amplified 
products were digested with Rsal. The Rsal recognition site is only present in the red 
gene, and digestion products therefore indicate the presence of this red exon in the 
genomic DNA. The digested amplification products were separated on a 12 % 
Polyacrylamide gel and detected by silver staining. As is shown in figure 6.3 exon 5 of 
individuals PI, P12, P13, P14, P16 and P20 cannot be digested with Rsal. which is a 
strong indication of the absence of a red gene derived exon 5, in agreement with the 
analysis in figure 6.2. For P6 and P7 (as well as for the controls) the presence of the red 
exon 5 is evident. In exon 5 no green gene specific restriction site can be found. 
. . > , - . , . - • 
Cl С4 Со PI M P7 Ρ! 2 P13 PN Ρ lb PJO 
Figure 6.3 Rsal digestion of amplified exon 5 of controls and color blind individuals. The Rsal recognition 
site is only present in red gene derived exon 5. Digestion products are indicated by arrows. 
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Verification of the presence of other red gene specific exons using red gene specific 
restriction enzymes can only be performed for exon 2. In exons 3 and 4 no red gene 
specific restriction sites are found. Amplified exon 2 was digested with Bfal and the 
products were analyzed by PAGE followed by silver staining (see figure 6.4). The 
presence of digestion products (indicated by arrows) demonstrates the occurrence of a red 
gene derived exon 2 in all individuals except Ρ13. 
«ним· ****** шшт ШшШ «ними 
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Figure 6.4 Bfal digestion of amplified exon 2. Digestion products (arrows) indicate the presence of a red 
gene derived sequence. 
This result correlates well with SSCP analysis of exon 2 (figure 6.5) where for P13 a band 
is missing that is present in all other tested individuals (upper band). 
CS C4 Cft PÌ Po i>7 |>|2 P!3 P14 P!6 PÎ0 
Figure 6 5 SSCP analysis of exon 2. The amplified sequences were separated on a 6.5 % Polyacrylamide gel 
(no glycerol) and detected by silver staining. Note that for PI3 the upper band is missing, probably 
indicating the absence of a red gene derived exon 2. 
No abnormalities were found in the SSCP analysis of exon 4, except for PI and Ρ13, 
although we could not clearly discriminate between a polymorphism or the absence of this 
exon in these individuals (figure 6.6). 
* « * t «ÜÉP > — » : *»,*» „ ^ 5SSS* 
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Figure 6 6 SSCP analysis of exon 4. The fragments were separated on a 8 % Polyacrylamide gel (containing 
5 % glycerol) Polymorphisms can be seen for PI and P13 
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SSCP analysis of exon 3 revealed four different types of polymorphisms (see figure 6.6). 
C l C4 Cft PI P6 P7 P12 PS3 P14 РІ6 P20 
Figure 6.7 SSCP analysts of exon 3. Separation of the amplified fragments was performed on a 8 % 
Polyacrylamide gel with 5 % glycerol Note that there are at least four different types of polymorphisms 
visible (PI - P6, Py, PÌ6 - P12 - P14). 
Amplified exons of other color deficient individuals with protan or deutan defects were 
analyzed in a similar way by SSCP and restriction analysis. The results of these analysis 
are summarized in table 2. It should be noted that SSCP analysis not always allowed clear 
discrimination between the absence of an exon or the occurrence of a mutation. Table 2 
demonstrates that in most individuals analyzed one or more exons from the red or green 
pigment gene are missing. These missing exons are a strong indication for the presence of 
hybrid genes and provide a plausible explanation for the observed color vision 
deficiencies. However, the presence of mutations in the coding sequences cannot be 
completely ruled out because of some observed polymorphisms in the SSCP. In fact, in 
subject PI7 (deutan deficiency) we observed two point mutations in the green gene derived 
exon 3, Alal74Val and Ilel78Val. However, we could demonstrate the absence of the red 
gene derived exons 2 and 3 in this individual suggesting the presence of at least one 
hybrid gene. 
For two individuals (P6 and P7, protan deficiency) we could not demonstrate the 
absence of one of the exons from the X chromosome-linked cone pigment genes. DNA 
from these individuals showed no abnormalities in SSCP analysis of exons 2, 4 and 5. The 
polymorphism observed for exon 3 is similar for both individuals (figure 6.7) and possibly 
accounts for their color vision deficiency. The amplified exon 3 of P6 was ligated into 
pUC19 and several clones were sequenced. Interestingly, this analysis revealed three 
different coding sequences. One sequence was identical to the red gene derived exon 3. 
another was identical to the green gene derived exon 3. The third sequence likely 
originated from the green gene and contained three point mutations, two of which lead to 
an amino acid substitution. The found point mutations are listed below: 
residue 144 
147 
164 
CTG -> СТА 
ATT -> TTT 
TTT -> TAT 
Leu -> Leu 
He -> Phe 
Phe -> Tyr 
(silent) 
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Table 2 Summary of the results obtained by SSCP and restriction analysis in prolan and deutan defective 
males after PCR amplification of exons 2 3, 4 and 5 from the red and green cone pigment genes 
Subject 
P1 
P7 
P12 
P13 
P20 
P8 
P14 
P16 
P6 
P2 
P10 
P11 
P17 
P5 
P9 
P15 
P3 
Phenotypic 
Analysis 
Ρ 
Ρ 
EPA 
EPA 
EPA 
ΡΑ 
ΡΑ 
ΡΑ 
PD1 
EDA 
EDA 
EDA 
EDA2 
DA 
DA 
DA 
DD3 
Exon 
2 
pol 
N 
N 
R-
pol 
N 
N 
N 
N 
pol 
ND 
pol 
R-
ND 
ND 
ND 
pol 
Exon 
3 
pol 
pol 
pol 
N 
N 
N 
pol 
pol 
pol 
G-
pol 
pol 
pol.R-
pol 
pol 
ND 
pol 
Exon 
4 
pol 
N 
N 
pol 
N 
N 
N 
N 
N 
G-
G-
G-
N 
G-
N 
N 
G-
Exon 
5 
R-
N 
R-
R-
R-
R-
R-
R-
N 
G-
G-
G-
N 
G-
N 
N 
ND 
The analyzed subjects are grouped according to their phenotypically defined color vision defect Ρ 
Protanope, EPA Extreme Protanomalous, PA Prolanomalous, EDA Extreme Deuteranomalous, DA 
Deuteranomalous 
SSCP or restriction analysis, N no abnormalities found R- absence of the red pigment gene derived exon 
G- absence of the green pigment gene derived exon. pol polymorphism (can be caused by either the 
absence of an exon or the occurrence of a mutation), ND not determined 
1
 No reliable anomaloscope data available, subject was assigned ач prolan defective (PD) 
2
 This subject was assigned as EDA based on anomaloscope data, other tests also showed a prolan defect 
' No discrimination possible between deuleranope or (extreme) deuteranomalous phenotype subject was 
assigned as deutan defective (DD) 
6.4 Discussion 
In this chapter we describe the analysis of genomic DNA in color deficient individuals in 
the hope of identifying point mutations responsible for the malfunctioning of cone 
pigments. The genes encoding the red and green cone pigments are located on the X 
chromosome and each contains six exons. The differences between these genes reside in 
exons 2-5 which encode the amino acids present in the transmembrane domains [5]. 
Analysis of these exons was performed by PCR-SSCP. With this technique various 
polymorphisms could be identified, although the resolution of polymorphic fragments was 
strongly dependent on the conditions that were used (percentage Polyacrylamide, glycerol) 
Under certain conditions polymorphisms could not be resolved at all. This illustrates one 
of the drawbacks of this method1 the detection of mutations is certainly not fool-proof 
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SSCP and sequence analysis of exon 5 revealed two alleles of the green gene 
derived exon. In the control subjects depicted in figure 6.2 both alleles can be seen, 
indicating the presence of multiple green pigment genes on the X chromosome. In other 
control subjects we could identify only one allele from the green gene derived exon 5 (not 
shown) This, however, does not imply the presence of just one copy of the green pigment 
gene in these individuals. 
In most of the color blind individuals tested in this study, the absence of at least 
one exon from the red or green cone pigment gene can be observed. This absence is a 
strong indication for the occurrence of hybrid genes. Various hybrid genes have already 
been expressed in vitro, and provide a plausible explanation for several forms of color 
vision deficiency [8,9]. It therefore seems unlikely that the mutations found in exon 3 in 
PI7 (also described in [20]) account for a color vision defect, in view of the absence of 
two red gene derived exons. From the exons analyzed, exon 3 proved to be very 
polymorphic in the protan as well as in the deutan defected males. This result was also 
found in another study by Winderickx et al [20], who additionally identified a sequence in 
this exon resembling a known consensus sequence for recombination hot spots in other 
genes The presence of this sequence likely promotes recombination and can therefore be 
the cause of the frequently found cone pigment hybrid genes on the human X 
chromosome. 
We could not establish the absence of any exons from the red or green cone 
pigments genes in color blinds P6 and P7. After psychophysical testing these individuals 
were characterized as having a protan deficiency (for subject P6, because of his young age, 
no reliable anomaloscope data were available). Interestingly, other analysis of protan 
subjects showed that protan defects always appeared associated with 5"red-green hybrid 
genes, in which the red gene derived exon 5 was always missing [7]. Since this exon 
contains the amino acids that have the most dominant influence on the spectral position of 
the pigment, its absence likely accounts for many protan defects. However, SSCP analysis 
and Rsal digestion clearly showed the presence of the red gene derived exon 5 in 
individuals P6 and P7, demonstrating that these subjects presumably represent a yet 
unidentified group of persons with a protan defect. 
In individual P6 we identified 3 point mutations in exon 3, two of which lead to an 
amino acid substitution (Ilel47Phe and Phel64Tyr) For both substitutions it is not clear 
whether they can have an effect on the spectral tuning of the pigment. The human red and 
green cone pigments differ at 15 positions. Of these differences, only those involving 
changes in side chain polarity likely account for variation in the spectral sensitivity [21]. 
Evidence for the involvement of these sites was obtained by comparing the human 
sequences with those of New and Old World monkeys [22,23] and by analysis of hybrid 
and mutant pigments [8,9,24] The amino acids at these sites (180, 233, 277 and 285) are 
in a position to directly interact with the chromophore and thereby influence the spectral 
characteristics of the pigment. The substitution llel47Phe, occurring in the third 
transmembrane domain (see figure 6.8), does not involve a change in side chain polarity 
and therefore not likely alters the spectral tuning. The substitution Phel64Tyr, on the other 
hand, leads to the introduction of a hydroxy 1 group. However, according to the present 
models, this residue is situated in the second intracellular (cytoplasmic) loop and not in a 
transmembrane domain (see figure 6 8) A direct interaction with the chromophore is 
therefore unlikely, although for residue 116, also located outside the membrane embedded 
region, an effect on the spectral position of the red pigment has been demonstrated [9]. 
Nevertheless. Phel64 is highly conserved among all vertebrate visual pigments and may 
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thus be of functional importance. The corresponding loop in rhodopsin in which this 
residue is located has been shown to interact with transducin [25-27]. A mutation of the 
corresponding residue in rhodopsin (Phel48Ala) displays a normal transducin activation 
but a reduced level of phosphorylation [28]. 
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Figure 6 S Schematic two-dimensional representation of the human red (or green) sensitive cone pigment 
The siles al which mutations were found are indicated 
In individual P6 three different coding sequences of exon 3 were found. One sequence was 
identical to the red gene derived exon 3, a second sequence was identical to the green gene 
derived exon 3 and the third sequence (describe above) contained three mutations. This 
demonstrates the presence of at least three cone pigment genes on the X chromosome. 
However, from our data we can not derive the sequence of the gene array. It therefore 
remains unclear how the mutations found in the green gene derived exon 3 account for a 
protan defect. For example, we can not rule out the occurrence of hybrid genes in this 
individual since we only amplified single exons in the PCR, and cross over might have 
occurred in an intron. 
The mutation Lys312Glu found in control individual С 4 involves the retinal 
attachment site in transmembrane domain 7 (figure 6.8). Since glutamic acid lacks the 
amino group to which the retinal would normally bind, the mutated cone pigment will not 
contain a chromophore. Mutagenesis of the corresponding residue in rhodopsin 
(Lys296Glu) resulted in a constitutively active pigment [29,30]. This mutation was also 
found in patients affected by autosomal retinitis pigmentosa [31]. Interestingly, in 
transgenic mice this mutation does not lead to a continuous activation of the 
phototransduction cascade, because the pigment is inactivated by mechanisms in the 
photoreceptor cell like phosphorylation and binding of arreslin. Nevertheless, in vivo -this 
mutation does lead to photoreceptor degeneration [32]. Whether this mutant gene in 
individual C4 is actually expressed is unclear since we do not know how many copies of 
the green pigment are present on the X chromosome. Because of the selective expression 
of X chromosome-linked cone pigments [18], the chance of the mutated copy being 
•v 
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expressed if located at the 3'end of the gene array will be much smaller than if it is 
located immediately downstream of the red pigment 
To determine the actual effect of the mutations described in this chapter on the 
function of the red or green cone pigment, site directed mutagenesis will have to be 
performed For this purpose, the synthetic cDNA's described in chapter 5 can be used 
These cDNA's contain various unique restriction sites which makes the exchange of target 
sequences relatively easy Via expression of histidine-tagged mutated pigments, IMAC 
purification and reconstitution some of the molecular mechanisms underlying cone pigment 
function may eventually be elucidated 
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General Discussion / Summary 
In the human retina two types of photoreceptor cells can be distinguished rods and cones 
Rods mediate vision in dim light conditions and are very light-sensitive Cones, on the 
other hand, are less sensitive, but provide color vision and a high spatial resolution 
Chapter 1 gives an introduction on the function of light-sensitive proteins in rods and 
cones (visual pigments) and describes some mutations in cone pigments responsible for 
color vision defects 
Cone cells can be subdivided into three classes each containing a single type of 
light sensitive pigment, the so-called red sensitive, green sensitive and blue sensitive 
pigment Rods contain the rod specific visual pigment called rhodopsin All vertebrate 
visual pigments are made up of an amino acid chain with a covalently linked 
chromophore 11 -as retinal The difference between the four human visual pigments 
resides in differences in the amino acid chains As a consequence, the pigments differ in 
their wavelength of maximal sensitivity The first reaction that occurs after illumination of 
a visual pigment is the isomerization of the chromophore into a.\\-trans retinal Next, a 
series of photo-intermediates is formed, of which the meta II intermediate plays a key role 
This intermediate is capable of binding a G-protein, thereby initiating the signal 
transduction cascade which ultimately leads to hyperpolarization of the plasma membrane 
One of the main differences between rod and cone pigments (studied thus far) is the life 
time of the photo-intermediates, which is significantly shorter for cone pigments However, 
mammalian cone pigment photo-intermediates have not yet been investigated 
The genes encoding the human cone pigments reside on chromosome 7 (blue cone 
pigment) and the X chromosome (red and green cone pigment) Of this latter pigment, 
frequently several consecutive copies can be identified on the X chromosome The red and 
green cone pigment genes are often involved in various color vision defects, which occur 
in approximately 8% of the male Caucasian population Unequal homologous 
recombination between the red and green cone pigment genes can lead to a complete gene 
deletion or give rise to hybrid or chimeric genes, containing red and green gene derived 
sequences 
The aim of the investigations described in this thesis is to initiate the analysis of 
molecular mechanisms underlying cone pigment function by in vitro expression of 
recombinant cone pigments Additionally, genomic DNA of several individuals with minor 
color vision defects has been analyzed with the aim of identifying point mutations that 
could be used to provide information on structure-function relations in recombinant cone 
pigments 
For the m vitro expression of recombinant cone pigments we chose to utilize the 
baculovirus system This system has proven to be successful for the functional expression 
of wild type and mutant bovine rhodopsin and proper post-translational modification of 
these proteins has been demonstrated This allowed detailed investigation of the molecular 
mechanism Some principles and applications of the baculovirus system are described in 
chapter 2 Although human cone pigments have already been expressed in other 
eukaryotic in vitro systems, the baculovirus system offers several features that make it an 
attractive alternative usually high expression levels, simultaneous expression of multiple 
recombinant proteins and easy cell culture scale-up This last feature was exploited by 
using a bioreactor in which cell cultures up to 10 1 could be employed 
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Chapter 3 reports on the development of several cone pigment specific polyclonal 
antisera These sera are indispensable in order to monitor expression and purification of 
these recombinant proteins Since several commonly used cone pigment-specific antibodies 
were not reactive on immunoblot, we set out to develop cone pigment-specific antibodies, 
that had to meet criteria considering biochemical application and reactivity with various 
animal species So far. five suitable antisera were already obtained Two of these 
(CERN954 and CERN956) were elicited against an oligopeptide corresponding to the N-
terminal region of the human red and green sensitive cone pigments An advantage of 
developing oligopeptide-specific antibodies is the combination of specificity (immune 
response against a relative small and defined sequence of amino acids) and simplicity of 
technology (compared to monoclonal antibodies) Another serum (CERN906) was elicited 
against purified chicken red cone pigment Upon immuno-histochemical analysis, antisera 
CERN906 and CERN956 display a reaction pattern that is similar to that of the commonly 
used monoclonal antibody COS-1 They have been shown to react with red-green cone 
pigments from various animal species (mammals, birds, reptiles and amphibians) The cone 
pigment-specific antisera can be used in various immunochemical techniques and can serve 
to study biosynthesis, sub-cellular distribution and membrane translocation Additionally, 
two histidine tag-specific antisera were developed These antisera are valuable in studying 
expression and purification of histidine-tagged pigments, in particular if no specific 
antibody is available (for example for the mouse blue sensitive cone pigment, described in 
chapter 4) 
Studies towards optimizing baculovirus-mediated expression of cone pigments are 
described in chapter 4. This chapter is divided into three parts Part A reports on the 
functional expression of the human red cone pigment This pigment is produced in relative 
large amounts (4 5 pmol/106 cells) Its wavelength of maximal absorbance is 555 nm This 
value correlates well with other in vitro expression studies in mammalian cell lines 
Confocal laser scan microscopy at 2 dpi revealed that only a small part of the pigment is 
targeted to the plasma membrane The majority is still retained in the cytoplasm, probably 
in membranous structures like endoplasmic reticulum or Golgi network Because of the 
massive release of infected insect cells from the cover slip, confocal analysis at 3 dpi is 
not possible We therefore do not know if eventually more plasma membrane targeting 
will take place later in the infection cycle 
Recently, aA- and aB-crystallin have been identified in retinal photoreceptor cells 
Since they are co-localized with newly synthesized rhodopsin. they may serve as molecular 
chaperones to protect the visual pigment trom denaturalion In an attempt to increase the 
amount ol m vitro expressed functional pigment, bovine aA crystalhn was co-expressed 
with the human red pigment A higher yield of pigment is preferable, since we expect that 
a considerable amount will be lost during the purification process Remarkably, co-
expression with αΑ-crystallin did neither increase nor decrease the level of functional 
pigment This may be due to the temperature-dependent chaperone-hke activity of a-
crystalhn or the requirement of both crystalhn subunits On the other hand, it may also 
indicate that, despite co-localization in photoreceptor cells, α-crystallin does not act as a 
molecular chaperone for rhodopsin Co-expression with other molecular chaperones (like 
BiP or PDI) may result in higher levels of functional pigment 
Expression of the mouse blue cone pigment is described in part В of this chapter 
Reduction of the 5" and 3' non-coding regions in the cDNA clearly enhanced the 
transcription le\el in infected insect cells Apparently. GC-nch regions, possible secondary 
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structures in the 5' leader sequence and the high AT content of the long 3' trailer 
interfered with optimal expression of the cDNA Nevertheless, the translation product of 
the shortened cDNA (MBU) could not be detected on immunoblot. because a specific 
antibody was not available Construction of a rustidme tag and the use of a histidine tag-
specific antibody resulted in a positive detection of the MBHis protein on immunoblot 
The mam advantage of histidine tagging, however, is the possibility to purify the pigment 
The expected λιτιβχ of approximately 380 nm requires extensive purification to remove the 
large background of chromophore, in order to detect the pigment by UV-Vis 
spectrophotometry 
One of the drawbacks of the polyhednn promoter-directed expression of 
heterologous proteins in the baculovirus system is that often a substantial amount of the 
proteins is not or less functionally active This is probably related to the very late phase of 
the viral infection in which the proteins are produced During this phase the insect cells 
are less able to perform extensive post-translational modifications Part С of chapter 4 
describes experiments to express recombinant visual pigments earlier in the infection cycle 
by using the viral basic protein promoter (pBP) Earlier expression has been reported to 
greatly enhance the amount of functional protein Unfortunately, no expression of visual 
pigments could be detected under transcriptional control of the basic protein promoter 
Verification of the activity of the promoter was performed by expression of bovine otA-
crystallin This protein was easily detected on immunoblot The lack of pBP-based 
expression of visual pigments is probably due to a low level of mRNA which consequently 
leads to a nearly complete lack of translation The cause of the low transcription level ot 
visual pigment cDNA's under control of the basic protein promoter is not known 
Interestingly, other reports on successful pBP-based expression all employed soluble 
proteins In our study the expression of integral membrane proteins is addressed Perhaps 
specialized intra-cellular processing of membrane proteins interferes with expression under 
control of the basic protein promoter The analysis of other integral membrane proteins in 
pBP-based expression may settle this issue 
In order to perform detailed analysis on the molecular mechanism underlying cone 
pigment function, these proteins have to be obtained in a sufficiently pure form Chapter 
5 describes the construction of histidine-tagged human red and green cone pigments to 
allow purification The λπ^χ of both recombinant pigments (560 nm for the red pigment 
and 527 nm for the green pigment) is in good agreement with other expression studies and 
we therefore do not believe that the histidine tag interferes with spectral properties We 
already achieved to produce the histidine-tagged human green cone pigment (HGH) in 
large quantities In 3-liter cultures (bioreactor) levels up to 9 5 pmol/106 cells were 
obtained This means that on average, the amount of the green pigment produced in one 
liter cell culture equals the amount present in more than 300 human eyes' For the 
purification of HGH we initially applied the protocol developed for histidine-tagged bovine 
rhodopsin Unfortunately, most stages of the purification process of this protocol proved 
not to be applicable for the human cone pigment, and had to be substantially modified 
First of all, ß-dodecylmaltoside (DoM) was not used for solubilization, since this detergent 
gave at least 30 % lower yields of photopigment compared to CHAPS However, the 
binding of CHAPS-solubilized HGH to the ΝΓ resin varied strongly (10-60 %) and was 
therefore unreliable Other detergents could not be used because of the low thermal 
stability of HGH A combination of CHAPS and DoM (both 0 5 % (w/v)) resulted in a 
sufficient and reproducible level of binding (70-75 %) Apparently, micelle structure and 
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composition play a crucial role in binding of detergent-solubilized cone pigments to the 
Nf matrix Other modifications of the original protocol also had to be introduced because 
of the low thermal stability of the cone pigment The addition of retina lipids and 
replacement of imidazole by histidine proved necessary in order to minimize losses during 
purification Purified HGH was finally reconstituted into a lipid environment This not 
only is essential to increase its thermal stability, but also most closely approaches its native 
environment in the photoreceptor cell This was accomplished by removing the detergents 
with the inclusion compounds ß and γ-cyclodextrin in the presence of a retina lipid extract 
The reconstituted HGH was used to study the generation and conversion of intermediates 
in the late phase of the photocascade Upon illumination, formation of a meta II (380 + 2 
run) and a meta III (440 ± 2 nm) intermediate can be observed Additionally, in 
dehvdrated membrane films we were able to identify a meta I intermediate with a λπΐ3χ of 
490 nm These results represent the first identification of mammalian cone pigment 
photointermediates The meta II intermediate decays with a half life of 3 2 ± 0 1 mm at 10 
°C and can presumably follow two routes a major one leading to the formation of meta 
III and a minor one leading to the release of free a\\-trans retinal The observed rate of the 
meta II decay is the sum of these two processes Comparison of the meta II decay between 
rod and cone pigments, shows that the cone meta II decay is significantly faster than the 
rod meta II decay under comparable conditions The human green cone pigment meta II 
decay was, however, substantially slower than chicken meta II decay measured in 
detergent/lipid mixed micelles Although our measurements were done at a lower 
temperature, we are convinced that the human green meta II half life at 20 °C is 
significantly longer than the reported value of 7 seconds for the chicken green cone 
pigment The difference can be caused by species differences, however, we rather consider 
it due to the environment in which measurements were done In the suspension of 
proteoliposomes detergents are omitted, this condition therefore more closely resembles the 
natural pigment properties The generally found shorter life time of cone pigment meta II 
intermediates relative to rod pigment intermediates is claimed to be related to differences 
in photosensitivity and photoresponse between cones and rods However, since the 
measured meta II half life in this and other studies is significantly longer than the 
photoresponse kinetics in cones, the cone meta II life time cannot be a rate determining 
factor in physiological differences between rod and cone cells The lower thermal stability 
of cone pigments may be correlated to the higher noise level in cones compared to rods 
Since the noise level determines the performance of the photoreceptor cell the lower 
thermal stability may account for the lower photosensitivity of cone cells relative to rods 
In order to study cone pigment function site-directed mutagenesis can be applied A 
virtually unlimited number of mutations can (theoretically) be constructed to address this 
issue However, generally only a limited number of such mutations will give relevant 
information on molecular mechanisms It is therefore advisable to search for amino acid 
residues that may play a key role in cone pigment function Analysis of genomic DNA 
from individuals with mild color vision deficiencies may point at such key amino acids 
These studies are described in chapter 6 The exons 2-5 of the red and green cone 
pigment gene have been examined by PCR-SSCP Unfortunately, in most of the tested 
individuals the absence of one or more exons from the red or green pigment gene could be 
established These missing exons are a strong indication for the presence of hybrid or 
chimeric genes Other reports demonstrated that the spectral properties of the chimeric 
pigments are intermediate between those of the parent pigments This provides a "simple' 
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explanation for the observed color vision deficiencies In the course of these analyses, an 
extensive study appeared in the literature allowing the same conclusion, that the vast 
majority of color vision defects are caused by hybrid gene formation 
In contrast to other analysis of protan defected individuals, in two individuals in 
our study the presence of the red gene derived exon 5 could clearly be demonstrated 
These subjects presumably represent a yet unidentified group of persons with a protan 
defect In one of these individuals three point mutations were identified The mutation of 
the highly conserved Phel64 may have an affect on the structure or function of the 
pigment The corresponding residue in rhodopsin is located in a loop which has been 
shown to interact with transducin A mutation of this residue in rhodopsin (Phel48Ala) 
gives rise to a pigment with normal transducin activation but a reduced level of 
phosphorylation Interestingly, in a control individual we identified a mutation of residue 
Lys312, the chromophore attachment site Mutation of this site has been reported for 
rhodopsin and is involved in autosomal retinitis pigmentosa In cone pigments, on the 
other hand, this mutation has never been reported before The actual effect of the 
mutations described in chapter 6 on cone pigment function needs to be determined after 
site directed mutagenesis and subsequent expression of the mutant cDNA's For this 
purpose the synthetic cDNA's described in chapter 5 can be used These cDNA's contain 
various unique restriction sites which makes the exchange of target sequences relatively 
easy Via expression of histidine-tagged mutated pigments, IMAC purification and 
reconstitution this approach may contribute to the understanding of the molecular 
mechanisms underlying cone pigment function 
Conclusion 
The experiments described in this thesis demonstrate that functional expression of 
mammalian cone pigments in the baculovirus system is possible Easy scale-up allows the 
production of large quantities of recombinant pigments However, the low stability of these 
proteins requires special procedures As highly purified samples are a prerequisite for 
detailed analysis, a quick and efficient purification protocol is necessary Histidine tagging 
in combination with immobilized metal affinity chromatography has proven to be 
successful for this purpose, allowing the first identification of mammalian cone pigment 
photo-intermediates Hence, this thesis has laid a firm basis, which finally will allow 
detailed molecular analysis of cone pigment function 
Future perspectives 
The highly purified and reconstituted HGH can be used for analysis on secondary 
structures in cone pigments bv FTIR However, in initial experiments, employing the 
protocol for reconstituted rhodopsin the notorious low thermal stability of the pigment 
again turned out to be the limiting factor in progressing to detailed analysis The removal 
of sucrose (present after reconstitution) is necessary in order to measure IR signals in the 
region below 1200 cm ' Therefore, alternatives for the routine washing and sampling 
procedure of the proteoliposomes will have to be developed Dialysis may be successful, 
be it that this procedure is time consuming and therefore again may suffer from pigment 
instability 
Purified samples should also allow study of signal transduction processes like G-
protein interaction or phosphodiesterase activation However, the C-terminally located 
histidine tag in HGH may interfere with G-protein binding This can be overcome by 
constructing an N-terminally located histidine tag The synthetic cDNA's allow a relative 
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easy insertion of such a histidine tag-encoding fragment The purification protocol 
developed for HGH can then still likely be used. Comparison of signal transduction 
processes, other than those involved in the photocascade, between rod and cone pigments 
can perhaps give more information on the basis of physiological differences between rod 
and cone cells 
Expression and purification of (histidine-tagged) human and mouse blue cone 
pigments may for example allow similar studies on short wavelength-sensitive cone 
pigments Additionally, mutagenesis and hybrid pigments will shed light on spectral tuning 
of cone pigments in the short wavelength region of the spectrum This tuning likely 
involves other (yet unknown) mechanisms, compared to those in middle- and long wave 
sensitive pigments 
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Samenvatting 
In het menselijke netvlies kunnen twee typen lichtgevoelige cellen (fotoreceptoren) worden 
onderscheiden staafjes en kegeltjes Staafjes zijn zeer lichtgevoelig en werken 
voornamelijk 's nachts, kegeltjes zijn minder lichtgevoelig, maar zorgen wel voor 
kleurenzien en scherpzien Hoofdstuk een geeft een inleiding over de werking van 
lichtgevoelige eiwitten in staafjes en kegeltjes (visuele pigmenten) en beschrijft enkele 
oorzaken van afwijkingen in kegeltjesigmenten die verantwoordelijk zijn voor 
kleurenblindheid Kegeltjescellen kunnen worden onderverdeeld in 3 typen, die elk een 
eigen pigment bevatten, het zogenaamde rode, groene en blauwe kegeltjespigment Het 
visuele pigment in staafjescellen heet rhodopsine De visuele pigmenten in de staafjes en 
kegeltjes zijn opgebouwd uit een aminozuurketen met daaraan gebonden een chromofore 
groep M-cis retinal Het verschil tussen de vier menselijke visuele pigmenten berust op 
verschillen in de aminozuurketens Door deze verschillen is elk pigment gevoelig voor 
licht met een bepaalde golflengte Na belichten van een visueel pigment is de eerste reactie 
die optreedt de isomerisatie van de chromofore groep tot trans retinal Hierna wordt een 
serie foto-intermediairen gevormd, waarvan het meta II intermediair een belangrijke rol 
speelt Dit intermediair is in staat een G-eiwit te binden en initieert hiermee de 
sigaaltransductieketen, welke uiteindelijk leidt tot hyperpolansatie van de celmembraan 
Een van de voornaamste verschillen tussen staafjes- en (tot nu toe onderzochte) 
kegeltjespigmenten is de levensduur van de foto-intermediairen, welke voor de 
kegeltjespigmenten veel korter is dan voor de staafjespigmenten Van zoogdieren 
(waaronder de mens) zijn echter nog nooit fotointermediairen van kegeltjespigmenten 
onderzocht 
De genen die coderen voor de menselijke kegeltjespigmenten zijn gelegen op 
chromosoom 7 (blauwe kegeltjespigment) en het X chromosoom (rode en groene 
kegeltjespigment) Van dit laatste gen blijken vaak meerdere kopieën achter elkaar op het 
X chromosoom voor te komen De rode en groene kegeltjespigmentgenen zijn vaak 
betrokken bij kleurenblindheid, een afwijking van het normale kleurenzien die bij ongeveer 
8 % van de mannelijke bevolking voorkomt Ongelijke homologe recombinatie tussen het 
rode en een van de groene kegeltjespigmentgenen kan leiden tot een complete gendeletie 
of het ontstaan van zogenaamde hybridegenen Deze bestaan uit een deel afkomstig van 
het rode pigmentgen en een deel afkomstig van het groene pigmentgen 
Het doel van het onderzoek beschreven in dit proefschrift is de analyse van 
kegeltjespigmenten om zo meer te weten te komen over het werkingsmechanisme van deze 
eiwitten Dit onderzoek is gedaan door middel van in vitro expressie van recombinante 
kegeltjespigmenten Tevens is genomisch DNA van enkele kleurenblinden onderzocht om 
mutaties op te sporen die informatie kunnen geven aangaande structuur-functie relaties van 
kegeltjespigmenten 
Voor de in vitro expressie van kegeltjespigmenten is gebruik gemaakt van het baculovirus 
expressie systeem Dit systeem is al met succes toegepast voor de expressie van runder 
rhodopsine In hoofdstuk twee worden enkele principes en toepassingsmogelijkheden van 
dit systeem genoemd Hoewel humane kegeltjespigmenten al in andere eukaryotische 
systemen tot expressie gebracht zijn, biedt het baculovirus systeem enkele voordelen die 
het tot een aantrekkelijk alternatief maken gewoonlijk hoge expressiemveau's, simultane 
expressie van meerdere eiwitten en relatief eenvoudige opschaling 
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In hoofdstuk drie staat de ontwikkeling van enkele polyclonale antisera specifiek voor 
kegeltjespigmenten beschreven Deze antisera zijn noodzakelijk om de expressie en 
zuivering van deze eiwitten goed te kunnen volgen Er zijn drie antisera ontwikkeld die 
reageren met rode en groene kegeltjespigmenlen van diverse diersoorten Twee van deze 
sera zijn opgewekt tegen een N-terminaal gelegen oligopeptide van het humane rode en 
groene kegeltjespigment Een ander serum is opgewekt tegen het gezuiverde rode 
kegeltjespigment van de kip De sera zijn bruikbaar in diverse biochemische technieken 
Tevens zijn twee antisera ontwikkeld die specifiek zijn voor eiwitten met een zogenaamde 
"histidine tag" Dit is een klein verlengstuk van eiwitten bestaande uit histidine 
aminozuren, dal bedoeld is voor het opzuiveren van eiwitten 
De mogelijkheid om het baculovirus systeem te gebruiken voor expressie van 
kegeltjespigmenten is beschreven in hoofdstuk vier Dit hoofdstuk is ondervedeeld in drie 
delen In deel A wordt aangetoond dat het humane rode kegeltjespigment functioneel tot 
expressie gebracht kan worden, wat blijkt uit het extinctiespectrum De golflengte waarbij 
dit pigment maximaal gevoelig is (Xmax) is 555 nm, wat goed overeenkomt met andere 
expressiestudies Co-expressie met runder αΑ-crystalline leidde niet tot een verhoging van 
de opbrengst van het pigment Een mogelijke oorzaak hiervan is de temperatuurs-
afhankelijke werking van α-crystalline, of de benodigdheid van de tweede subunit van het 
α-crystalline complex Het gebruik van andere moleculaire chaperones kan wellicht leiden 
tot verhoging van de hoeveelheid functioneel pigment 
Het tweede cDNA dat in deel В van dit hoofdstuk beschreven staat codeert voor 
het zogenaamde blauwe kegeltjespigment van de muis Uit diverse studies is echter 
gebleken dat in het netvlies van de muis geen blauw gevoelig, maar een ultra-violet 
gevoelig kegeltjespigment aanwezig moet zijn De 5" en 3' niet coderende delen van dit 
cDNA bleken van grote invloed te zijn op de transcriptie in de insectencellen Met behulp 
van histidine tag specifieke antisera is de expressie van dit kegelt]eseiwit in insectencellen 
aangetoond Regeneratie en zuivering van dit pigment kunnen wellicht uitsluitsel geven 
over de spectrale gevoeligheid 
Een van de nadelen van de polyhednne gestuurde produktie van recombinante 
eiwitten in het baculovirus systeem is dat vaak een aanzienlijk deel niet functioneel blijkt 
te zijn Dit is waarschijnlijk een gevolg van de late fase van de virale infectiecyclus waarin 
de eiwitten geproduceerd worden Tijdens deze fase zijn de insectencellen niet meer in 
staat om de juiste post-translationele modificaties uit te voeren Deel С \an dit hoofdstuk 
beschrijft experimenten om recombinante visuele pigmenten eerder in de infectiecyclus tot 
expressie te brengen door gebruik te maken van de virale basic protein promoter Door 
expressie vroeger in de infectiecyclus te laten plaatsvinden is voor enkele andere 
(oplosbare) eiwitten de hoeveelheid functioneel actief eiwit sterk toegenomen Visuele 
pigmenten blijken echter niet tot expressie gebracht te kunnen worden onder controle van 
de basic protein promoter Dit is waarschijnlijk het gevolg van een te lage hoeveelheid 
mRNA waardoor (bijna) geen translatie plaatsvindt De oorzaak van de lage transcriptie 
van cDNA's van visuele pigmenten onder controle van de basic protein promoter is niet 
bekend 
Aangezien gedetailleerde studies van het werkingsmechanisme van kegeltjespigmenlen 
alleen mogelijk zijn in gezuiverde monsters, zijn hel humane rode en groene 
kegeltjespigment voorzien van een histidine tag In hoofdstuk vijf wordt de constructie 
\an deze histidine tag en de expressie \an het rode en groene kegeltjespigment beschreven 
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Aangezien de Xmax van beide pigmenten (560 nm voor het rode pigment, 527 nm voor 
het groene pigment) goed overeenkomt met andere expressie-studies, is het aannemelijk dat 
de histidine tag geen invloed heeft op de spectrale eigenschappen van de pigmenten. Het 
groene pigment blijkt in grote hoeveelheden te kunnen worden geproduceerd. In één liter 
celkweek kan een hoeveelheid gemaakt worden die overeenkomt met de hoeveelheid groen 
pigment dat aanwezig is in ruim 300 humane ogen! Na veel onderzoek is een 
reproduceerbare methode ontwikkeld om het groene kegeltjespigment op te zuiveren en te 
reconstitueren in retinalipiden. Hierdoor konden voor het eerst foto-intermediairen van een 
zoogdier kegeltjespigment bestudeerd worden. Na belichting van een suspensie van het 
gezuiverde en gereconstrueerde groene kegeltjespigment ontstaat een meta II intermediair 
met een λπΐ3χ van 380 nm. Dit intermediair kan waarschijnlijk via twee routes vervallen 
De ene route leidt tot de vorming van een meta III intermediair (λίΜΧ 445 nm), de andere 
tot het vrijkomen van de geïsomenseerde chromofore groep en vorming van het apo-eiwit. 
Door een fotolyse uit te voeren in een gedroogde toestand kon tevens een meta I 
intermediair worden geïdentificeerd (Xmax 490 nm). Vergelijking van het meta II verval 
tussen staafjes en kegeltjespigmenten toont aan dat het kegeltjes meta II intermediair 
sneller vervalt dan het overeenkomstige staafjesintermediair Dit verval ging echter veel 
minder snel dan dat van kippepigment intermediairen, die in een detergensoplossing waren 
gemeten. Aangezien het door ons gemeten verval van het humane groen kegeltjes meta II 
veel langer is dan de gemiddelde fotorespons in kegeltjescellen, kan de kortere levensduur 
van kegeltjes meta II intermediairen t.o.v staafjes meta II intermediairen geen verklaring 
zijn voor het verschil in lichtgevoeligheid en de snelheid van de fotorespons tussen 
staafjes- en kegeltjescellen. De algemeen gevonden lagere thermische stabiliteit van 
kegeltjespigmenten t.o.v. staafjespigmenten houdt wellicht verband met het hogere 
ruisniveau in kegeltjescellen. Aangezien dit ruisniveau de uiteindelijke gevoeligheid van de 
fotoreceptorcel bepaalt, kan de lagere thermische stabiliteit van kegeltjespigmenten een 
oorzaak zijn voor de lagere lichtgevoeligheid van kegeltjescellen vergeleken met die van 
staafjescellen. 
Hoofdstuk zes behandelt de analyse van genomisch DNA van kleurenblinden. De exonen 
2 t/m 5 van het rode en groene kegeltjespigmentgen zijn onderzocht m.b.v. PCR-SSCP Bij 
de meeste kleurenblinden kon de afwezigheid van één of meer exonen van één van beide 
kegeltjespigmentgenen worden aangetoond. Deze afwezigheid is een sterke aanwijzing 
voor het bestaan van hybridegenen, die een goede verklaring zijn voor de waargenomen 
afwijkingen in het kleurenzien. In tegenstelling tot alle onderzochte personen met een 
protandefect (afwijking in de functie van rode kegeltjescellen), kon bij twee individuen de 
aanwezigheid van exon 5 van het rode kegeltjespigmentgen worden aangetoond. Deze 
personen vormen waarschijnlijk een tot nu toe nog niet geïdentificeerde groep rood-
kleurenblinden. Bij één van deze individuen kon een drietal puntmutaties in exon 3 worden 
geïdentificeerd. Daarnaast werd bij een controle-individu een mutatie in de chrmofoor-
bevestigingsplaats gevonden. Een overeenkomstige mutatie in rhodopsine is ook 
aangetoond bij patiënten met autosomale retinitis pigmentosa. Het effect van deze mutaties 
op de werking van kegeltjespigmenten kan worden onderzocht door plaatsgerichte 
mutagenese, gevolgd door expressie van de gemuteerde cDNA's 
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